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IMMUNOLOGY 238 


Amazing! 


Over 4,000 high quality antibodies 
from a single source 


Sigma's AMAZING collection of high quality antibodies: 


Includes monoclonals, polyclonals, secondaries, conjugates 

and custom services 

Validated using a variety of methods - WB, IHC, IF, IP, ELISA 
Easily explored through Sigma’s award-winning online tools 
Supported by Sigma’s world-renowned technical service to assist 
you with your specific antibody requirements 


Sigma is your source. 
Go to sigma.com/antibody and be Amazed! 


Our Innovation, Your Research 
Shaping the Future of Life Science 


INNOVATION @ WORK 


Don't miss this Amazing 
‘opportunity: Order your 
copy of the all new 2007-2008 
Antibodies Catalog, visit 
sigma.com/antibody cat 


Life Science 


The New 
BenchCel 
— Automation 
Platform 


Handles mote integrations, 
tack sty es, labwate, and capacity 


Liquid Handling + Labeling * Detection * Dispensing * Centrifugation * Sealing * Washing * Storage 


More Applications Than Ever in a Compact Workstation 


‘The al new BenchCe* Patform isthe heart of fst and compact automation workstation that can handle applications ranging fom 
simple microplate processing tasks (such as barcode-abeing microplates) to sophisticated application (such as PCR sample prep) 
that were only posible with flsized automation systems. The BenchCelPiaiorm can handle more of your applications with best- 
in-class features including the ability to integrate more instruments per side; the flexibility to work with lidded microplates, 
deep-well microplates, and tip boxes: and the choice of two-, four-, or six-rack configurations available now with slot and 
fered ck aes Let ect hep you fade you net agpcaton with Bechet Perm pa our 
favorite combination of microplate-based instruments incuding liquid handlers, dispensers, readers, seers, washers, fly ey 
microplate storage devices, ceneifuges, and more. 


‘Contact Velocity! at +1.650.846 6600 for more information For your FREE Workstation Configuration Handbook, a wy 


email conig@velociy1t.com. ~ 
<r AVeLocityit 


The Speed of Discovery 


« 


www.velocitytt.com 


GE Healthcare illustra” 


Get attached to illustra 
for faster nucleic acid 
sample prep. 


New illustra nucleic acid sample prep kits from GE Heatthcare give you optimal 
yield and purity. What's more, they do this in as little as half the time it takes 
the best competing products. Whether you're purifying nucleic acids in plasmid, 
blood, tissue, cells or bacteria, you'll find that superior results and outstanding 
reproducibility come easily with illustra mini and midi kits, 


With more than 20 years’ experience in nucleic acid research, we're bringing 
science to life and helping transform healthcare. We call it Life Science ReAmogined. 


www gelifesciences com/illustra 


‘Speed is crucial to the sundew plant's success. 
Itreacts rapidly, bending its tentacles to bind its prey. 
‘Some species can do this in just tenths of a second. 
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vay COVER 


A showcase of cellular weapons 
deployed by the immune system 
ranges from antibody-making B cells 
to macrophages. A special section 
So beginning on page 611 outlines the 
e %e ‘outstanding challenges in immunology 
: for understanding how immune cls 
protect and sometimes injure us. 


Mlustration: Christopher Bickel 
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SPECIAL SECTION 

Challenges in Immunology 
INTRODUCTION 

Testing Our Defenses on 
NEWS 

Building an HIV-Proof Immune System 612 
‘Mast Cells Show Their Might 614 
PERSPECTIVES 

Primary Immunodeficiencies: A Field in its Infancy 617 
Jet. Casanova and L. Abel 

Epigenetic Flexibility Underlying Lineage Choices in the 620 


Adaptive Immune System 
. Kioussis and K. Georgopoulos 

Division of Labor with a Workforce of One: Challenges in 622 
Specitying Effector and Memory T Cell Fate 

5. Reiner, F. Sallusto, A. Lancavecchio 


Private Lives: Reflections and Challenges in Understanding 625 
the Cell Biology of the Immune System 

J, Mellman 

Emerging Challenges in Regulatory T Cell Function and Biology 627 


5. Sakaguchi and F. Powrie 


‘See News story. 584; Reports pp. 666, 670, 675, 678: Science's SIRE material p. S67 
rat wo sciencemog rg /sciextfimmunogy07/ 
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EDITORIAL 
571 Domestic? Forget it. 
by Donald Kennedy 


NEWS OF THE WEEK 


Death Prompts a Review of Gene Therapy Vector 


Rising Asian Threat Leaves Russia in the Lurch 
U.S. Output Flattens, and NSF Wonders Why 
Light-Spliting Trick Squeezes More Electricity 
Out of Sun's Rays 
SCIENCESCOPE 
AStimy Start for Immunity? 
Cancer Test Dispute Pits Researcher Against a Firm 
She Helped Create 


NEWS FOCUS 


Middle Asia Takes Center Stage 
Ancient Writing or Modern Fakery? 
(racking Open the tranian Door 

‘Ocean Observing Network Wades Into Swirling 
US. Fiscal Waters 

Pilai Poonswad: Subduing Poachers, Ducking 
Insurgents to Save a Splendid Bird 

Where Are the invisible Galaxies? 
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1,000’s 
OF GRANTS 
MILLIONS 


IN FUNDING 


GenomeCanada 


GrantsNet. 


The first comprehensive 
science grants database. 


GrantsNetis e 


anding its listings of 
some 900 funding programs from private 


foundations and not-for-profit organizations 
to include 400 to 500 new entries from the 
grants.gov site. This provides the first 
comprehensive database of funding 
opportunities to research scientists and 
administrators, career counselors, financial 

aid specialists, and undergraduate and 
graduate students. For listings, go to 


www.grantsnet.org 
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Science | seen. 


PLANETARY SCIENCE 


Coupled Ferric Oxides and Sulfates on the Martian Surface 
JeP.Bibring et al 

Satellite observations show that oxidized iron minerals appear wit sulfate depesits 
in ancient Layered rocks on Mars, indkating that acc groundwater pervaded 
several regions, 


SCIENCE EXPRESS 


wwwsciencexpress.org 


10,1126/science.1144174 
PHYSICS 

Superconducting Interfaces Between Insulating Oxides 

NN. Reyren etal. 


The interlace of two oxide insulators, LaNIO, and SIO, becomes superconducting 
at 200 miltkelvin, 
10.1126 science.1146006 


CONTENTS L 


BIOCHEMISTRY 
‘Asymmetry in the Structure of the ABC Transporter~Binding Protein 
Complex BtuCD-BtuF 

RN. Hvorup etal. 

The structure of a bacterial wansporer for vitamin Bandits binding protein 
partner reveals an occluded state that may represent an intermediate sep in 


transport, 
10.1126/science.1145950 


MOLECULAR BIOLOGY 

‘UHRF1 Plays a Role in Maintaining DNA Methylation in Mammalian Cells 

M. Bostick etal. 

Epigenetic DNA methylation patterns that persist through cell division depend on 3 

protein that binds tohemi-methyiated DNA and a methyltransteras, 
10,1126/science,.1147939 


LETTERS 


Genetics and The Sopranos B. P Possdente J 

‘A.Less Pessimistic View of U.S. Science Funding 
J.H. Marburger It 

Evolution and Group Selection 0. P. Barash 
Response J. Haide 


59% 


‘CORRECTIONS AND CLARIFICATIONS 597 
BOOKS Er AL 

Five Days in August How World War Il Became a 598 
Nuclear War M. O. Gordin, reviewed by ). Krige 

Bomb Scare The History and Future of Nuclear 599 
Weapons J Cirincione, reviewed by C.F. Chyba 

POLICY FORUM 

Identifiabiity in Genomic Research 600 
W.W. Lowrance and F.S. Collins 

PERSPECTIVES 

Proteins That Promote Long Life 603 
5. K Kim 

>> Report p. 660 

Micelles Made to Order 604 
M.A Hillyer 

>> Report pp. 644 and 647 

Exploiting Wrinkle Formation 605 
AF Miller 

eport 650 

Reproductive Dialog 606 
S. McCormick 

>> Report. 656 

‘Seeing Through Dark Matter 607 
5, McGaugh 

Retrospective: Anne McLaren (1927-2007) 609 


J. Rossant and 8. Hogan 


BREVIA 


NEUROSCIENCE 
Defusing the Childhood Vocabulary Explosion 
8, McMurray 

Toddlers express a burst of new words asa result of their parallel 
acquisition of words of varying complexity, not because they acquire 
‘a mew cognitive skill. 


RESEARCH ARTICLE 


GENETICS 
Genome Transplantation in Bacteri 
Changing One Species to Another 
. Lortigue et al. 

The intact DNA genome was isolated from one Mycoplasma species 
‘and transferred to another, replacing the recipient's genome and 
<conlerring its own phenotype. 


REPORTS 


PHYSICS 
‘Quantum Hall Effect in a Gate-Controlled 
p-n Junction of Graphene 

J.R Williams, L DiCarlo, 


631 


632 


638 


M. Marcus 


{In graphene sheets with diferent areas containing either electron 
‘or hole carriers the conductance at the junctions between regions 
Report, 641 


‘is quantized. > 


638 & 641 
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QC) wre can Science STKE give me? 


The definitive resource on 
cellular regulation 


STKE -Signal Transduction 
Knowledge Environment offers: 


* Aweekly electronic journal 

* Information management tools 

* Alab manual to help you organize 
your research 

* Aninteractive database of signaling 
pathways 


STKE gives you essential tools to power your understanding 
of cell signaling. It is also a vibrant virtual community, 
where researchers from around the world come together 
to exchange information and ideas. For more information 
go to www.stke.org 


To sign up today, visit promo.aaas.org/stkeas 


Sitewide access is available for institutions. 
To find out more e-mail stkelicense@aaas.org 


Science 


REPORTS CONTINUED... 


PHYSICS 
‘Quantized Transport in Graphene p-n Junctions. 641 
in a Magnetic Field 

A. Abanin and LS. Levitov 

The mixing of quantum Hall edge states atthe interface between 
different carrer regions in a graphene sheet accounts for the 
‘quantized transport through the gates. >> leper 638 
CHEMISTRY 

Cylindrical Block Copolymer Micelles and Co-Micelles 644 
‘of Controlled Length and Architecture 

X. Wang et al. 

‘chemical system mimics ting polymerization by adding 

block copolymers to the end of polymeric strands, forming 
‘lindrical micelles with ciferent lengths and functions. 

>> Perspective, 604 

CHEMISTRY 

Block Copolymer Assembly via Kinetic Control 647 
H, Cui, 2. Chen, S. Zhong, K. L, Wooley, DJ. Pochan 
CContoling the electrostatic interactions of charged polymer 
building blocks in water yields complex fat structures with 

‘internal patterns that canbe used as templates. 

o> Perspective. 604 


MATERIALS SCIENCE 
Capillary Wrinkling of Floating Thin Polymer Films 650 
J. Huang etal. 

‘Adrop of water placed ona free-loating thin polymer fim 
‘produces a pattern of wrinkles that can be used to determine 

its elastic modulus and thickness, >> Perspective p. 60s 
PLANETARY SCIENCE 

The Source of Saturn's G Ring 653 
‘M.A. Hedman etal. 

Saturn's tenuous G ring, which lacks a clear source, is produced 

by anarc of fine debris that f trapped in orbital resonance with 
Saturn's inner moon Mimas, 

PLANT SCIENCE 

The FERONIA Receptor-like Kinase Mediates 656 
‘Male-Female Interactions During Pollen Tube Reception 
JM, Escobar-Restrepo et al. 

‘Inplants, a female-specitic kinase senses the artval ofthe pollen 
tube setting the stage forthe next stages of fertilization and 
potentially controling reproductive compatibility. 

>> Perspective. 606 

CELL BIOLOGY 

Quantitative Mass Spectrometry Identifies Insulin. 660 
Signaling Targets in C. elegans 
‘MQ. Dong et al. 

Identifying the genetic and protein targets ofthe inslin signing 
pathway in C elegans reveals mechanisms that potentially control 
theaging process. >> Perspective» 602 
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CELL BIOLOGY 
Forced Unfolding of Proteins Within Cells 663 
CP Johnson et al. 
Fluorescent tabeting of cysteines in tving cell reveals how 
mechanical stress can cause forc-induced conformational 
‘hhanges in cellular proteins. 
IMMUNOLOGY 
‘Monitoring of Blood Vessels and Tissues by a 666 
Population of Monocytes with Patrolling Behavior 
 Auffray etal. 
Ameune cells that reside in endothelial tissues remain attached 
tothe walls of blood vesels and survey for signs of damage 
and infection, 
IMMUNOLOGY 
Regulation of Homeostatic Chemokine Expression 670 
‘and Cell Trafficking During Immune Responses 
S.N. Mueller etal. 
‘During the immune response toa pathogen, lymph nodes 
‘temporarily block the entry of new immune cells, thereby 
‘optimizing the ongoing immune reaction. 
IMMUNOLOGY 
Negative Regulation of Tol-Like Receptor Signaling 675 
‘by NF-x8 p50 Ubiquitination Blockade 
RJ. Cormody, Q. Ruan, S. Palmer, B, Hilliard, ¥. H. Chen 
‘nce, the innate immune response to microbes is controlled by 
blocking degradation ofa transcriptional inhibitor, dampening an 
‘otherwise potentially dangerous response. 
IMMUNOLOGY 
Jmmune-like Phagocyte Activity in the Social Amoeba 678 
G. Chen, O. Zhuchenko, A. Kuspa 
The sluglke assemblies formed by social amoebae contain 
specialized cells that function like the phagocytes of animal 
‘immune systems, suggesting an evolutionary connection. 

> New story. 584 
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Science Alerts 
in Your Inbox 


Get daily and weekly E-alerts on the latest breaking news and research! 


— spares 
x / SclenceHOw Daly Aer 


Daily headline summary 


Science News This Week ‘Science Posting Notification 
Brief summaries ofthe ‘Alert when weekly issue is posted 
Joumat’s news content 7 


N Science Express 
sisson i J wate 
— Editors’ Choice 


recent literature 
STKETOC 
Weekly table of contents 


Ss 


Get the latest news and research from Science as soon as it is published. Sign 
Up for our e-alert services and you can know when the latest issue of Science 
or Science Express has been posted, peruse the latest table of contents for 
Science or Science's Signal Transduction Knowledge Environment, and read 
summaries of the journal's research, news content, or Editors’ Choice column, 
all from your e-mail inbox. To start receiving e-mail updates, go to: 


http://www.sciencemag.org/ema 


Science 


atDITS SCENCE NOW FBARR ORELLYREUTERS: SCIENCE CAREERS) AYR CHEATHE COMMONS 


wirw.sciencemag.org 


Never forget. 


SCIENCENOW 


wr.sciencenow.org DAltY W 


‘Bad Memories Tied to DNA 

Study links enhanced ability to recall emotional events 
to genetic mutation, 

Gene Duplications Give Clues to Humanness 
Different copy numbers may explain differences in diet, 


physical activity among primates. 
‘A Mind for Sociability , 
Brain structure offers clues to evolution of human How a baseball players struggle can influence postdocs. 
emotional intelligence, 
SCIENCE CAREERS 
| vv sciencecareers.org CAREER RESOURCES FOR SCIENTISTS 


US: The Curt Flood Effect 

B. Benderly 

‘Standing up for rights is perilous for people like postdocs who 
‘depend on subjective recommendations of supervisors. 
EUROPE; Beyond CSI—Environmental Forensics 

Picks Up in Europe 

1AU SECTION WN, Anscombe 

New environmental laws mean more demand for people 


Challenges in Immunology inenvtonmental scence and im. 
US: Educated Woman, Postdoc Edition, Chapter 7— 
SCIENCE'S STKE 


Tainted Love 
wsthe.org SIGNAL TRANSDUCTION KNOWLE 


M.P. DeWhyse 
EDITORIAL GUIDE: Uncovering immunological Secrets Le tescre ber taba ida eld ial 
JF. Foley ond €, M. Ader 


inher career, or should she just please herse? 
Thee articles highlight signals controlling T cell fate, T cell GRANTSNET: August 2007 Funding News 
‘responsiveness and the response to cytokines secreted by Tcells. fishies ene 5 
“ 3 about the latest esearch funding opportunities, 
PERSPECTIVE: NFAT in Lymphocytes—A Factor for All Events? ‘2 skis 
E.Serfling, & Berbetich-Siebelt, A. Avots INT eee 
The NFAT transcription facts may hold the key toT cell memory. 
PERSPECTIVE: Diacylalycerol Kinases Put the Brakes on 
Immune Function 
B. W. Wattenberg and D. M. Raben 
Diacylalycerol kinases are key negative regulators of immune responses 
ina broadaray of els. 


REVIEW: A Role for the Cytoplasmic Adaptor Protein Act. 
in Mediating IL-17 Signaling 

A Lindén 

‘Act may play role in local inflammatory responses mediated 
by interteukin-17. 


Separate individual or institutional subscriptions to these products may be required for full-text access. 
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LA HURTLEY AND PHI 


Stress and Wrinkles >> 


Under most circumstances, when a stiff 


of the viscoelastic response of thin films, 


Quantized Transport in 
Graphene Sheets 


The manipulation of the carrier density and car 
rier sign over an entire graphene sheet (a single 
layer of graphite) by electrostatic gating has 
been demonstrated. Efforts are now being 
directed to local gating so that transport proper 
ties of different areas can be simultaneously 
‘manipulated in order to make device-like struc 
tures with advanced functionality, Williams et al. 
(p. 638, published online 28 June) show experi 
mentally that a global bottom gate combined 
with a patterned top gate provides the ability to 
controllably form bipolar p-m junctions in the 
graphene layer (as well as unipolar p-p and nn 
junctions). Subsequent magnetotransport 
measurements revealed quantum Hall effect 
behavior, the details of which depend on 
whether the junctions are bipolar or 

Unipolar. Abanin and Levitov (p. 641, 
published ontine 28 June) theoretically 

explain these results in terms of quan: 

tum Hall edge-state mixing at the 

interface region. 


An Arc Anchoring 
Saturn's G Ring 


Saturn's G ring is a faint and narrow ring lying 
beyond the main set of rings. Despite being well 
defined, ithas been unclear why it exists at this 
precise location; in particular, it is not flanked by 
‘moons that might shepherd it and carve it out or 
infuse it with vapor. Hedman et a. (653), 
Using the Imaging Science Subsystem aboard 
the Cassini spacecraft, show that the G ring 
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film is placed 
under either a compressive or tensile stress, the film 
buckles, rather than stretches or shrinks. Huang et al. (p. 
(650; see the Perspective by Miller) placed a drop of water 
on a free-floating polymer film and show that the stresses 
caused by the surface tension between the droplet and 
the film cause the film to wrinkle. The periodic wrinkling 
pattern that formed confirms recent theoretical results, 
and the authors could relate the wrinkling characteristic 
features to the elasticity and thickness of the film. This 
system provides a simple, bench-top method for the study 


Contains a bright arc of material made up of 
centimeter- to meter-sized icy bodies held in a 
7:6 corotation resonance with the major moon 
Mimas. Dust from this concentration of particles 
trails out to enscribe the ring 


Manipulating 
Micelle Formation 


In solution, block copolymers can form a variety 
of thermodynamically controlled structures, 
including micelles (ee the Perspective by 
Hillmyer). Polyferrocenylsilane-based block 
copolymers have an unusual propensity to form 
‘ftindrical micelles that are stable over a range 
of polymer concentrations. Wang et al. (p. 644) 
show that the shape and composition ofthe 
micelles can be further 
controlled in a 
process analogous 
to the synthesis of 
polymers through 
living potymeriza 
tion, The addition 
‘of more polymer to 
the solution leads to its 
epitaxial attachment and to the growth of the 
micelles with narrower size distributions. With 
the addition of a different block copolymer, co 
micelles consisting ofthe two different block 
copolymers are formed. Cui et al. (p. 647) 
describe a general strategy for the preparation 
of complex one-dimensional nanostructures 
from block copolymers. Unlike classical block 
copolymer self-assembly, in which the structure 
és dictated by the lengths of the two polymer 
blocks, assembly was controlled through electro- 


static interactions and solvation. The process 
involves the formation in water of polymer 
micelle structures, which flatten upon the rapid 
addition of tetrahydrofuran. The resulting flat 
{ened micelles subsequently grow in an 
anisotropic fashion to yield unusual architec: 
tures, When the diamine additives were replaced 
with amine-coated gold particles, even more 
complex structures are obtained 


Genome Transplant 

In the 1970s, it was a revolutionary advance to 
be able to cut and paste small sequences of DNA 
‘and to transfer an individual gene into a cell at 
will. Lartigue et al. (p. 632, published online 
28 june) now describe the replacement of one 
entre bacterial genome (Mycoplasma capri 
colum) with another (Mycoplasma mycoides), 
which allows the production of a colony of cells 
that produced the protein products encoded by 
the donor genome. 


Match-Making in Plants 


In plants, as in animals, fertilization requires 
‘male and female gametes selectively and exclu 
sively to meet and fuse. In plants, unlike in ani 
‘mals, it isnot the actual gametes that participate 
in this dance, but rather the gametophytes, which 
carry immotile gametes. Escobar-Restrepo et al. 
(p. 656; see the Perspective by McCormick) have 
‘now identified one of the molecules by which the 
female gametophyte (the embryo sac) recognizes 
the male gametophiyte (the pollen). A receptor 
kinase, FER is situated at cell surfaces within the 
{female gametophyte. As the pollen tube 
approaches, a signaling cascade is initiated in the 
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This Week in Science 


‘embryo sac that closes the door to late-arriving pollen tubes and halts further growth of the success- 
ful polten tube, which then releases the male gamete. A good match between FER and its presumed 
ligand from the pollen tube appears to form the basis of reproductive compatibility. 


Insulin Signaling Up-Close and Personal 

Novel quantitative methods are allowing the analysis of gene and protein expression in unprece- 
dented detail, Dong et al. (p. 660, see the Perspective by Kim) profiled protein abundance changes 
in response to perturbations of insulin and insulin-like growth factor~1 (IGF-1) signaling in 
Caenorhabditis elegans and identified 86 targets. More than half of the targets identified by this 
{Quantitative proteomics approach were not previously identified and may provide new insights into 
the mechanisms of diabetes and aging. 


Monitoring Cellular Mechanical Stress 

Cells exert and respond to mechanical forces, but investigating how these signals are transduced is a 
challenge. By measuring differential labeling of cysteines in stressed and relaxed cells, Johnson et al. 
(p. 663) identify proteins that change their structure in response to stress. Using mass spectroscopy, 
they determined the specific Cys residues that experience structural changes. in red blood cells, spec 
trin unfolds as cells are stressed, and in mesenchymal stem cells, both myosin IIA and vimentin show 
differential labeling in tensed versus drug-relaxed cells. 


Leukocytes on 
Border Patrol 


Immune cells move between the circulation 
system and tissues in response to infection, 
Upon detection of inflammation, leuko: 
‘tes initiate a highly orchestrated 
sequence of events, whereby they attach 
‘and roll along on the surface of the 
‘endothelium before squeezing through to the underlying tissue. Auffray et a. (p. 666) reveal a quite 
distinct type of behavior displayed by a population of monocytes that remain attached to the endothe: 
lium in the absence of inflammation, The resident cells appeared to survey the surface of postcapillary 
venules, veins, and arteries, depending on specific chemokine and integrin signals. Upon detection of 
inflammatory ues, the cells moved into infected sites, where they undergo differentiation into 
macrophages. Mueller et al. (p. 670) reveal how the doven- regulation of chemokines inthe lymph node 
prevents T lymphocytes from entering during an ongoing immune response. This delay may help to opti 
‘mize the lymph node environment to produce the most effective immune response, 


Keeping Tabs on a TLR Response 

Toll-like receptors (TLRs) exert powerful proinflammatory responses to microbial pathogens, and TLR: 
Fesponses ae stringently regulated during infection so that the chronic exposure of cells to microbial 
products can ultimately lead to a state of hyporesponsiveness. Carmody et al. (p. 675) identify an 
essential role for the proto-oncogene protein B cell leukemia (Bc~3 in negatively regulating TLR 
signaling inthis context. cl-3 blocks ubiquitination of the nuclear factor-xB subunit p50, which 
prevents its degradation and allows it to maintain its inhibition of gene transcription in response to 
TLR signals. This pathway offers a means by which microbial signals can be prevented from overpow- 
‘ering the immune response. 


Stimy Cooperative Requires Housekeeper 

Phagocytes are innate immune cells found in animals that specialize in scavenging bacteria and other 
foreign matter. Chen et al. (p. 678; see the news story by Lestie) show that a similar waste-disposal 
& system helps maintain well-being in slime molds; the aggregates formed by the social amoebae 

i Dictyostelium discoideum. Specialized sentinel cells engulfed bacteria and removed toxins, and were 
5 

8 


themselves ejected from the colony as it migrated. A protein related to those found in animal innate 
immune systems was required for this function, as well as in allowing individual amoebae to feed on 
their diet of bacteria when not part of a colony. 


Stanford University’s 
Department of Radiology 
Presents: 


Small Animal 
Imaging 
Workshop 


A workshop introducing 
the most cutting-edge 
instrumentation and 
techniques in Medical 
Imaging 


Stanford University 
November 7-10, 
2007 


ford, 


Ph: 888-556-2230 


Moving? 
Change of Address? 
New E-mail Address? 


Continue your AAAS. 
membership and get 
Science after you move! 


Contact our membership 
department and be sure 

to include your membership 
number. You may: 


* Update online at 
AAASmember.org 


* E-mail your address change 
to membership4@aaas.org 


* Callus: 
Within the U.S.: 
202-326-6417 
Outside the U.S.: 
+44 (0) 1223 326 515 
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Who's working 
to increase support 
for science? 


Top quality research depends on comprehensive support. 
AAAS js present at every stage of the process ~ from 
advising on funding policy initiatives to tracking the US 
Federal R&D budgeting process. As the experts, we 
brief Congressional staffers and representatives from 


e e&%~ 
eecccccccs 


govemments around the world. And only AAAS Funding 
Updates ~ sent out monthly ~ provide continual coverage 
of R&D appropriations. By actively working to increase 
support for research, AAAS advances science. 
To see how, go to www.aaas.org/support 
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LUSTRATIONS: GEORGE HERRMAN FUBUCDOMAND 


Domestic? Forget it. 


READERS OLD ENOUGH TO REMEMBER DON MARQUIS’ SYNDICATED 
New York Sun columns may recall that at night, a cockroach named 


aa 
chy took over his typewriter to write short pieces about him and his 


friend, a cat named Mehitabel, Because be typed by diving on the keys, he had difficulty with 


e and punctuation, 


upper jelding a rather free-form text. In the following message 
forwarded to us, Mehitabel is apparently responding to recent findings on the gen 
background and history of eat “domestication” (Science, 27 July 2007, p. $19). 


~Donald Kennedy 
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lander these scientist Uys jound that the first 
did a good thing they f 

house . that pampered egyptian pussy instead they showed 

= neuer Ee eagin much older thank god for that then they 

rei ‘genes os Seanad compared them with the five small wildeats 

= yes ss come trom the one in the miafle east maybe an aay Ot 

Sere idea ot that the first farsaza ven thoosent Yos=? sae et eo 
brought in rata and mice so then this arab © ie 

aie domestication that nonsense bas gotta be stopped ; 

Papers oe ome cmmecey Sond why do they think today we cocasionally 

Tee TS onte pemeen tnto te bowe wel tar 45 on the bes Dm DE 
because remind everyone that teers 

_ Glee we tase jure les st ow Oy 

the dann rovers 
repressed conscripts Like 


and my kind no sir heres 
‘they lost their independence not me : 

speek aia ve think it’s fine in the house but we're just 
Sinat alley or out bunting wen we do that they call us feral 
8 NAEP aye call « dog feral By the oY hell the feral dog is & - 
coyote not sone lost rover get it ‘our gig is ebout independence pet 

nen ats okey even pnp us up for the ort sbow but make one of those 
eS ant seyonara we'se gone we think the scientists got *t 
comership moves 


ancestors 
wheat or whatever pretty econ our 

ice get after the eS ask did they see any dog fossils in 
2 aeremeae doing not much it spears maybe practicing 
there what was selling over for the farmers well when the going gets 
potneing #806 OF a ‘us cats are okay with the publicity but 
tough only the toud! 


10.1126 science.1147639 
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EDITED BY GILBERT CHIN AND JAKE YESTON 


CLIMATE SCIENCE 


Choose Calcifiers with Care 


In contrast to near-term estimates, prediction of atmospheric CO, content 
several centuries from now is severely hampered by the multitude of 
poorly understood feedback mechanisms. The most important of these is 
probably the interaction between atmospheric CO, and marine calcification. 
Ina nutshell, the amount of CO, absorbed by the ocean depends on the quantity 
depleted through calcium carbonate incorporation into the skeletons of calcifying organisms 


such as foraminifera and coccotithophorids. This bioactivity is a function of the alkalin- 
ity and the pH of the ocean, which in turn depend largely on the partial pressure of atmospheric CO,, 

‘5 well as the type of calcifying organism (E, huxleyi and 0. universa are shown). Although the car- 

&é bonate chemistry of the ocean is well known, the response of different species to changes in pH 
and alkalinity is incompletely understood, and large differences exist between the species that 

have been studied. Ridgwell et al. have performed model calculations for a range of calcifying 


behaviors. They find that the strength of CO, calcif 
tion of which species of calcifier contributes most to carbonate production, and that ocean CO, 
sequestration could reduce the atmospheric fossil fuel CO, burden by 4 to 13% in the year 3000. 
This long-term view is needed to help understand the full impact of current energy use. 


a 


IMmuNoLosy 
Degrees of Tolerance 


The alfinity of aT cel receptor for its ligand la 
peptide bound by a molecule of the major histo 
compatibility complex (pMHO)] dictates whether 
aT lymphocyte will become active. However, 
activation also depends critically on a series of 
parallel signals, and when these are lacking, the 
effect of any pMHC complex isa state of anergy 
(or permanent inactivation) of the T cell. This is 
an important means by which immune tolerance 
to self-constituents of the body is maintained. 
Using intravital imaging, Skokos etal 
observed that as Tcells engaged pMHC com 
plexes of differing affinities forthe T cell recep- 
tor in lymph nodes in the absence of coactivat 
ing signals, their behavior varied considerably. 
Thus, although under these conditions pMHCs of 
all affinities induced anergy and led to the 
‘etention of circulating T cells in the lymph 
‘nodes, only those with a high affinity triggered 
the flux of Ca® that signals the T cells to slow 
down. Medium-affinity complexes, on the other 
hhand, failed to stimulate Ca** flux, but did 
induce a low level of division and cytokine pro 
duction, Finally, the low-affinity ligands did not 
evoke any biochemical event or change in cell 
{ar motility but instead rapidly induced an inac 
tive state. Thus, a hierarchy of anergic states, 


‘may exist for T cells, depending on differences 
in the binding strength of antigens they meet 
under steady-state conditions. — 5}S 

Not. lmmunol. 8, 835 (2007). 


SURFACE SCIENCE 
Getting a Leg Up 


The reversible cis/trans isomerization of 
azobenzene and its derivatives, induced by 
alternating irradiation with ultraviolet and vis 
bie light, can be used for on-demand control of 
properties ranging from large-area hydropho: 
bicity (by variation of surface-exposed groups) 
to the opening and closing of ion channels on 
the nanoscale. However, adsorption on metal 
surfaces tends to impede the isomerization 
process, in all likelihood through electronic 
effects or induced changes in the molecule’s 
optical absorption spectrum. Comstock ea 
show that ifthe phenyl rings in azobenzene are 
derivatized with four bulky tert-butyl groups, 
the molecule in the planar trans configuration 
is lifted far enough off a gold surface for irradi 
ation with ultraviolet light to induce photoiso: 
‘merization. The addition of only two tert-butyl 
“legs” proved insufficient. The reversible 
isomerization was monitored with scanning 
tunneling microscopy. — PDS 

Phys. Rex, Lett. 99, 038301 (2007) 


tion feedback is dominated by the assump- 


Ws 
Biogeosciences 4, 483 (2007) 


CELL BIOLOGY 
Let's Get Sorted 


Epithetial cells provide a barrier function in tis 
sues by establishing and maintaining a distinc 
tive polarity with an apical surface that faces the 
lumen of the tissue and a basolateral surface 
that faces the blood. The maintenance of the two 
distinct membrane domains has been studied in 
‘great detail for many years, but how the polarity 
originates is much less clear, Nejsum and Nelson 
‘examined this process 
as epithelial cells in 
tissue culture gener 
ated a polarized cell 
layer and deter 
mined whether cel: 
cell adhesion and 

the generation of 
distinct membrane 
domains were linked 
By looking at fluo- 
rescently tagged 
versions of two sim: 
ilar proteins, aqua 
porins 3 and 5, one 
cof which (AQP3) is basolateral, the other (AQP) 
apical, while simultaneously monitoring a 
component of the cell adhesion machinery, 
E-cadherin, they observed a precise correlation 


Vesicle targeting and 
fusion machinery tocal- 
ize at sites of cell-cell 
contact (yellow). 
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between the basolateral membrane protein and 
newly formed cell adhesions. It seems that dur 
ing the establishment of polarity, newly synthe- 
sized basolateral membrane proteins leave the 
Golgi complex in vesicles that are specifically 
targeted to and fuse with the growing sites of 
cell adhesion, which are enriched for the docking 
and fusion machinery involved in basolateral 
‘membrane protein targeting. — SMH 

J. Cell Biol, 278, 323 (2007). 


MATERIALS SCIENCE 
Softening into Shape 


Polymer particles with nanometer and microme: 
ter dimensions have been applied to fields rang 
ing from medical imaging to fluid rheology, but 
controlling particle shape during synthesis has 
‘been challenging. Champion et al. have devised 
a simple method for 
manipulating spheri 
cal polystyrene parti 
cles into a diverse 
array of shapes and 
sizes including the 
bicones shown left) 
The particles were 
embedded in a sheet 
‘of polyvinyl alcohol 
and then either soft: 
‘ened (by solvent or 
heat) and stretched, 
‘or else softened after 
first stretching the film (which created voids 
filled by the softened particles). Dissolution of 
the film then afforded the shaped free particles, 


“Stke 


EDITORS’CHOICE 


Stretching was possible in either one or two 
directions, and it was possible to combine or 
repeat the two techniques. — MSL 

Proc. Nat.Acod. Sc. USA. 108, 11901 (2007), 


seo.ocy 
Appalachian Twins 


The striking change in the trend of the 
Appalachian mountain range—from south: 
southwesterly to easterly through central Penn- 
sylvania—reflects a bend in the direction of 
large folds in the upper crust, which elevate and 
expose old resistant rocks that support many of 
the mountains there. Similar bends are common 
in other mountain ranges, and their origin and 
timing during continent continent collision have 
bbeen enigmatic. Ong et ol. looked at twinning in 
calcite crystals in limestone across Pennsylvania, 
The orientation of twins reflects stress acting 
during the inital deformation of the rocks before 
‘most of the folding began (strain hardening then 
locks the twins in). The data suggest tha, ini 
tially, compression was to the northeast, orthog 
‘onal to the southwesterly direction of the south 
en Appalachians; the early-formed twins in the 
‘north were then rotated clockwise. These data, 
and other studies of later strain, imply thatthe 
folds and thrust faults formed after this initial 
deformation on top of the bend and were not 
later rotated themselves. A rigid salient in the 
‘North American crust that became increasingly 
important as a barrier during collision with what 
{is now western Africa ~300 million years ago 
may have caused these dynamics. — BH 

Geol, Soc. Am. Bul. 119, 796 (2007). 


<< Hearing New Things About Calcium 
Otoconia, particles in the inner ear composed of a proteinaceous core 


coated with CaCO, crystals, underlie our sense of balance. Otoconial 
development depends on otopetrin 1 (Otop2), amember ofa protein fam 


www.stke.org 


ily defined by a highty conserved transmembrane domain of unknown 
function. its predicted structure, together with its extracellular location, 


suggested to Hughes etal. that Otop2 was likely to associate with globular substance vesicles that 
have previously been shown to respond to ATP with an increase in intrvesicular Ca®. When overex- 
pressed in COS7 cells, Otop1 abolished an early peak in intracellular Ca?* concentration that was 
elicited in wild-type cells by extracellular AT or UTP. Both nucleotides activate P2Y purinergic recep- 
tors, which signal through the Gcr, family of heterotrimeric guanine nucleotide~binding proteins. Sig 
naling through other Get, coupled receptors was maintained in the presence of Otop2, suggesting 
thal the Otop1-mediated decrease in endoplasmic reticulum Ca stores was not sufficient to abolish 
all rapid Gr1,-dependent Ca? signals and that P2Y inhibition occurred upstream of Gc. ATP also 
elicited a slower sustained phase of increased intracellular Ca?* (a Ca plateau), yet cells overexpress- 
ing Otop1 exhibited a Ca®* plateau even after treatment with thapsigargin. The effects of Otop1 on 
the Ca response to ATP were reversibly inhibited by suramin (which inhibits the ATP-dependent Ca? 
response of globular substance vesicles), and the authors conclude that Otop1 has marked effects on 
the Ca? response to ATP that could be critica to its role in otoconia formation. — EMA 

Proc. Natl Acad. SG. UA 104, 12023 (2007). 
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EDITED BY CONSTANCE HOLDEN 


Suited for the Moon 


When humans revisit the moon in the next decade or so, aeronautical 
engineer Dava Newman of the Massachusetts Institute of Technology (MIT) 
in Cambridge hopes they will be wearing one of her creations 

Newman and her team have spent 7 years working on a suit to replace the 
traditional bulky, many-layered, pressurized space suit, Her idea is to apply 
even pressure directly to the skin by wrapping layers of cloth tightly around 
the body, allowing for more natural movement, Rigid supports are aligned 
with areas on the body that do not extend or contract with movement. 

The BioSuit will also be embedded with metal threads so it can be heated 
like a car window. f punctured by a passing meteorite, it won't deflate like 
the old ones but can easily be fixed by rerapping, says Newman, 

The suit’s not quite ready for review by NASA, says MIT team member 
Christopher Car. The wrapping partis tricky because “it's difficult to apply the 
samme amount of pressure to certain parts of the body, like the groin and the 
armpits.” Too much or too little pressure could cause swelling or cutoff blood 
supply. Also, he notes, “the suit is difficult to get into, [and] you need two 
extra people to remove it. 


Old and n 
space suits, 


The observations suggest that only humans 
havea natural, or innate, inclination to engage 
with music,” says Isabelle Peretz of the 
University of Montreal in Canada, who 
thas concluded from studies of people 
with amusia (tone deafness) that 
humans have special brain pathways 

for music (Science, 1 June 2001, 

p. 1636). McDermott and Hauser 
\who earlier found that monkeys have 
no preference between harmonious and 
dissonant music—suggest that humans 
‘music responses may reflect a “unique evolution: 
ay history of selection” for cognitive processes 
linked to emotion and motivation. 


Odds-On 
Favorite 


Whether the subject is trends 
in housing sales or trials of a new 
cancer drug, news reports often have to grapple 
with applications of statistics and probability 
ChanceWiki from Dartmouth College turns such 


of silence, lullabies, or a 
‘Mozart concerto, they spent 
most of their time avoiding 
music altogether. A similar 
‘periment with eight humans 
showed a distinct preference for music 


items into lessons on statistical thinking 
Originally a newsletter penned by math pro 
fessors, the site now lets readers post discussions 
‘and exercises based on media stories, papers, 
books, and other sources. Recent contributions 
have investigated possible explanations for 
why Europeans are now taller than Americans 
(a reversal of the situation 60 years ago) and 
slammed a 2001 report that claimed Oscar 
winners live nearly 4 years longer than mere 
nominees, The longevity boost is illusory, 
the entry's author concludes, the result of a 
statistical gaffe called selection bias. 
chance.dartmouth,edu/chancewiki 


over sil 


ce, the authors 


especially lullabies 
report in the September issue of Cognition, 


SKULL OF A POET 


In Bonn this month, scientists dug up the bodies of Friedrich 
‘Schiller’s wife and son in hopes of solving the “Friedrich 
Schiller Code”: the 180-year-old mystery of Schiller's skull 
The poet's tomb in Weimar contains two skulls, and it 
isn’t clear that either belonged to Schiller. When he died of 
tuberculosis at 45 in 1805, he was buried in a common 


Monkeys Have Tin Ears 


‘Anew study finds that monkeys prefer silence 
to music, suggesting that some ofthe acoustic 
preferences that undertie music are unique 
tohumans. 

Cognitive scientists Joshua MeDermott of the 
Massachusetts Institute of Technology in 
Cambridge and Marc Hauser of Harvard 
University put tamarins and marmosets in an 
apparatus with two chambers, each rigged to 
play music whenever an animal entered. in one 
‘experiment, the musical choices were a flute lu 
aby (65.26 beats per minute) and Alec Empire's 


‘grave. In 1826, officials tried to exhume the remains but 
found more than a dozen skulls. The local mayor declared 
that the largest belonged to Schiller, but doubts led to a 
second exhumation in 1911, which identified a different 
skull as Schiller's. 

At least four books have been written on the controversy, 
but now the Weimar Classics Foundation and a German TV 
channel are funding what is hoped will be a definitive 
answer. Scientists will build face reconstructions of both 


= 


“a 


skulls and compare DNA samples from them and from the bones of Schiller’s wife and son. If 
neither skull is a match, says Ursula Wittwer-Backofen of the University of Freiburg, one of the 


project leaders, “Herr Schiller is lost forever.” 
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EDITED BY YUDHIJIT BHATTACHARJEE 


IN THE HOT SEAT. Hawaii's spectacular volcanoes and lava flows can 
leave tourists with a sense of dread and wonder. The National Sciet 
Boardis feeling similar emotions after its visit to the island state tr 
a political eruption in the U.S. Senate. 

In June, board president Steven Beering (center) led a delegation ona 
7-<lay tour of Hawaii's many telescopes and other projects supported by 
the National Science Foundation (NSF), which the board oversees. fn an 
expected coda, Beering also signed a “joint statement of understand- 
" with Republican Governor Linda Lingle (tohis right) recognizing the 
efforts to promote science and technology 

State officials were thrilled by what they saw as an endorsement, but 
Hawaii’s senior senator, Democrat Daniel Inouye, apparently didn’t 
appreciate being blindsided by the board’s foray into his backyard, So 
Inouye, who chairs the hat oversees NSF’s programs, decided 
messsige,” in the words of one Hillaide, “Itis clear that the day- 
ment structure and leadership is not serving the board or 


“wsend 
to-day man 


um not 
set Michael Crosby (far 
1 explain the board's actions 


ame 


PIONEERS 

POWERED BY FAT. Leftover cooking grease 
may be a waste product for most of the 
world. But Suzanne Hunt can't get enough 
of the stuff, 

Hunt, who until recently directed the 
Worldwatch Institute’s bioenergy program, 
has converted cooking grease from a local 
restaurant into biodiesel to run tractors on her 
family’s vineyard in upstate New York. This 
spring, she drove a 1981 Volkswagen Rabbit 
pickup truck powered by the biodiesel fuel 


from area restaurants and performing the 
simple chemical processes necessary for 
extracting the 
desired methylester, 
Hunt doesn’t 
think biodiesel isthe 
answer to the nation’s 
energy needs. Tall 
grasses, trees, and 
waste hold more 
potential, she says, 
because they grow 


THEY SAID IT 


“This computer, although assigned to me, was 
being used on board the International Space 
Station. | was informed that it was tossed 
‘overboard to be burned up in the atmosphere 
when it failed.” 


from Washington, D.C., to Central America to 
demonstrate the concept. Now Hunt and Shari 
Friedman are running a project that is train: 
‘ing middle school students in Philadelphia to 
produce biodiesel by collecting leftover grease 


without much input and they don’t compete 
directly as food resources. But Hunt and 
Friedman believe that biodiesel is a good 
way to show students that there are practical 
alternatives to petroteum for cars and trucks. 


ANASA employee's explanation for the 
loss of a laptop, recorded in a recent report 
by the U.S. Government Accountability Office 
documenting equipment losses of more than 
594 million over the past 10 years by the agency. 


Honors 


PRIVATE SANCTUARY. The Australian government has 
established a 135,000-hectare wildlife preserve 
Queensland’s Cape York Peninsula named after Steve 
Irwin, the wildlife enthusiast and television personality 
‘who died in a stingray attack last year. A scient 
ter on site will allow visitors and 24 researchers from 
the University of Queensland to study the local species, 
including the endangered speartooth shark and the 
northern quoll, a cat-sized carnivorous marsupial. and 


tackle management challenges such as fires and feral 
pigs. Prime Minister John Howard called the park 
Which will be closed to the public, a “fitting tribute toa 
passionate environmentalist.” 
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CLINICAL RESEARCH 


Death Prompts a Review of 
Gene Therapy Vector 


The death last week of a 
experimental gene therapy for arthritis has tr 


amient receivi 


gered a federal review of all trials using the 
s have been made pub- 


same vector. Few det 


lie; iit tums out that the ther 


py isto blame, it 


would be another blow to the field’ ina 
Within 8 years, one patient has died as.a result 
of gene therapy and three have acquired 
leukemia, This would be the First fatality in a 
trial not studying a life-threatening disease 
The trial’s spo f 
Corp. in Seattle, Washington, emphasizes that 
the company doesn’t yet know what caused 


sor, Targeted Genetics 


the patient's death, But it would be a surprise 
i it were the viral vector, says Chief Scientific 
Officer Barrie Carter, given that the vector 


has proved safe in hundreds of patients, He 


and others are watehi 


nervously for the 
results of 


n investigation by the company 
and the U.S. Food and Drug Administration 
(FDA), Carter believes it could take weeks. “L 
just hope it doesn’t put a mark on the entire 
fiekt” says molecular orthopedist Christopher 
Evans of Harvard Medical School in 
Boston, who is also planning 
therapy to treat arthritis 

The Targeted Ge 
success of a drug called Enbrel, a protein- 


builds on the 


based treatment for rheumatoid arthritis that 
inhibits a pro-inflammatory cytokine called 


w 

was  @® Vectors bind 

vectors — joint ces 
eter 


Genes 
delivered SS 
fino nucleus 


w 


6 8 


tumor necrosis factor o: (TNF-«). Although 
Enbrel and simil: 
"always penetra 
tobe injected re 
walified virus, called an adeno-associated 
virus (AAV), to shuttle a g 
inhibitory protein directly 


drugs are effective, they 
Il joints, and they have 
ularly. Targeted Genetics uses 


cells then produce the pr 
‘a localized depot” of Enbrel th 
Jo 


ving patients, 
should work 


term, says Carter. 

In rats, this strategy “was pretty impres- 
sive” at reducing inflammation and inhibiting 
bone destruction, says Sharon Wahl of the 
National Institutes of Health (NIH) in 
Bethesda, Maryland, who co-authored the 
study with Targeted Genetics. Nonhuman pri- 
imate ca also indicated that the approach was 
safe, In 2003, NIH'S Recombinant DNA Advi: 
sory Committee (RAC) approved a safety 
study in humans. Based on those results, FDA 
approved a multidose study that began in fall 
2008 at about 20 sites around the country. 

The trial had enrolled 127 patients (32 0 
placebo) without any serious side effects, says 
Carter. Seventy-four had received a second 
dose. But on 20 July, one patient developed a 
severe adverse event that “was related in time 
toa second injection, FDA says. The agency 
put the trial on hold: 4 days later, the patient 
died. FDA is reviewing the 28 other trials 


Proteins move 


out of eels Re 


OY et 
4 in joint 


4, NX 


4 


using AY, including 
The tragedy has stirred speculation about 
the cause, One suspect is the gene product, 


21 active studies, 


because Enbrel, which suppresses one 
immune response, has been linked to sepsis 


and bacterial infections, suggests gene ther- 


apy expert Terry Flotte, dean of the University 
of Massachusetts Medical School in Worces- 
ter, But Carter s: 


s the protein is “not neces 


sirily the issue” bec: 


use the protein has not 
been detected in serum from nonhuman pri- 
‘mates or patients. 

It seems equally unlikely that the problem 


could be the AAV vector, says Carter, He 


notes that more than 500 patients have safely 
received AAV since 1992, However, one dif 
ference is that patients in the arthritis trial, 
unlike the 


lier ones, received more than 


‘one dose. That raises the possibility that the 
patient became sensitized to the vector, lead- 


ing to an adverse 


action, suggests Evans. It 
happened once before, in 2004, when AAV 
caused a mild immune reaction in two 
patients who received the drug in the liver 
(Science, 4 June 2004, p, 1423) 


Gene therapy has restored the health of 


about 20 children with severe combined 
immunodeficiency disease. The approach is 
showing promise against cancer, too, experts 
note, “The field is extremely 
Arthur Nienhuis of St, Jude Child 
Research Hospital in Memphis, Tennessee, 
and president of the American Society of Gene 
Therapy. Meanwhile, Carter says his company 
is “working furiously” to figure out what 
caused the death before RAC meets to consider 
JOCELYN KAISER 


bust,” says 


the case in mid-September, 


Oia cecaatiog | o 


around cells 
Po 


IWFRGFc binds to 
Tra preventing 
Binding toc 


fave 


Cell membrane 


Joint effort. A Targeted Genetics vector (tgAAC94) is injected into arthritic joints; cells then make a protein (TNFR:Fc) that blocks the cytokine TNF-cr. 


3 AUGUST 2007 


VOL317 SCIENCE 


cemag.org 


BIOSECURITY 


Rising Asian Threat Leaves Russia in the Lurch 


The U.S. goverment is ending its support for 
former bioweapons scientists in Russia in favor 


of a similar but larger initiative in parts of the 
\world that it considers potentially more dan- 


xgerous to global security 


Nonproliferation experts 
about the move, which State 
Depa 
prompted by improving eco- 
nomic conditions in Russi 


aren't happy 


and a rising threat in eastern 
and central Asia and the Mid- 
dle East, There are also privat 
grumblings at the Department 
of Defense, which is sealing 
back its own efforts because 
of difficulties that DOD off 
cials have had in accessi 
Russian labs, 

te former Soviet Union is 


not the same nonproliferation 
threat today that it was the day 
the ruble crashed [in 1998]. 
says Jason Rao, sei 
nator for Cooperative Thre: 
Reduction at the State Dep: 


ment, Asa result, he says, the 

United States can now get down to its “fighting 
weigh \d turn to places suchas 
Pakistan, Philippines, Indonesia, and the Mid- 
dle E 
terrorists 


iast, where a combination of transnational 
nd emerging infectious diseases 
such as avian influenza pose new risks. At the 
same time, Rao says, an improving scientific 
infrastructure in Asia and the Middle East 
offers a better chance to combat them. 

A Senate spending panel has approved 
$30 million in the nest fiscal year for the State 
Department's Biosecurity Engagement Pro- 
gram (BEP), which was launched in 2006 with 
$3.9 million and currently receives $8 million 
This year, the department slashed by two-thirds 
a similar program to help biologists from Rus- 
§ sia and neighboring countries. Meanwhile, 
3 DOD is set to wind up its S4-million-a-year 
program to support biological research proj- 
ects at Russian labs. 

The shift of resources has drawn criticism 
from security experts who warn that Russia 
ificant risk. “There 
are still quite a few former weapons scien 


continues to pose a 


tists in the region whose fut 
says Sonia Ben Ouagrham-Gormley of the 
Monterey Institute of International Studies 
in Washington, D.C. An aide on the Senate 


Foreign Relations Committee applauds the 
State Department's broadenin| 


scope but 


At Taming risk. US. officials Jason Rao (right) and Reynolds Salerno during a vist last year 
+ toa mew BSL-3 lab in Bandung, Indonesia, 


says committee members feel “it should not 
be done at the expense of efforts in the 


+ Soviet Union 


ment officials say that some 
of the projects to redirect Russian 
bioweapons scientists into other activities 
ed by the Russian 
stron 


re now being sustail 
pvernment and that er economy 
has made it easier for the scientists to find 
jobs. But adn 
Science and Tec! 


istrators.at the International 
Center (ISTC) in 
Moscow, one of two centers set up by the 


nolo; 


United States, Russia, and other countries 
in the early 1990s to coordinate the redirec- 
tion of weapons scientists, say that’s only 
partially correct. Many institutes have 
afforded raises for some scientists by laying 


off other researchers, according to a senior 
ISTC official. “The proliferation threat 
from the employed scientists has decreased 
while the threat from the recently termi- 
nated staff has likely increased.” says the 
official, adding that the pay is still low 
enough to make working scientists vulnera- 
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ble to offers of “uncomfortable” collabo 


tions with rogue states, 

DOD decided to pull out of Russia, 
observers say, because of the problems it has 
encountered trying to implement the va 
projects. Last year, for example, DOD auditors 
visiting the State Research Cen- 


ter for Applied Microbiology at 
Obolensk were denied full 
access and instead were 


required to wait in an adminis 


rea while laby scientists 
wheeled over carts of PCR 
machines and other equipment. 
Another Obolensk project was 
halted after the Russian govern- 
ment refused to allow an 


trative 


enous anthrax strain to be 
shipped to the United States for 
further study. 

But such incidents, although 
frustrating, are not a good 
enough reason to disengage 
from Russia, says Raphael 
Della Ratta of the nonprofit 
Partnership for Global Security 
in Washington, DC. “Youdon't 
just throw up your hands in despair.” he says. 

BEP reflects the department's view that 
biosecurity is more than simply monitoring 


former weapons labs and scientists in states 
that once possessed weapons of mass destruc- 
tion, In Indonesia, for example, experts from 
the Centers for Disease Control and Prevention 
in Atlanta, Georgia, and other US. institutions 
will rain scientists and commission a biosafety 


Jevel 3 lab in Balitvet, outside Jakarta, to study 
agricultural diseases. A second lab in Bandung 
will focus on human infections, In Pakistan, 
the agency hopes to open a program office in 
Islamabad for training programs and collabo- 
rave research projects 

‘Working with dangerous pathogens is 
inherently dual use.” says Rao. “When we 
come in and say, “We'll help you work with 


anthrax in a safe, secure, and sustainable man- 
ing 
ase, 
their 


ner, the result is less of the stuff han 
around, a smaller risk of an accidental rel 
and a smaller risk of terrorists gettin 
hands on it. I's good for everybody.” 
~YUDHIIIT BHATTACHAR}EE 
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SCIENTIFIC PUBLISHING 


U.S. Output Flattens, and NSF Wonders Why 


A new study by the National Science Foun- 
dation (NSF) showing that the overall num- 
ber of publications by U.S. scientists has 
remained flat for more than a decade calls to 
mind the opening words of a classic 1960s 
folk rock anthem: “There's something hap- 
pening here; what itis ain't exactly clea 

The study (nsf07320) reveals what NSF 
officials call an “unprecedented” and myste~ 
rious trend: Despite the continued expansion 
of the peer-reviewed literature, the total out- 
put of US. scientists stopped growing in the 
early 1990s and hasn't budged since then, 
The pattern, which cuts across all disei- 
plines, reverses decades of ste 


and leaves NSF officials scratching their 
heads foran explanation. 

We don’t have a smoking gun.” says 
Rolf Lehming, who oversees NSF's bienni 
compendium of leading scientific and engi- 
neering indicators and has been tracking the 
phenomenon since the late 1990s. The trend 
is especially surprising given the growth in 
funding. personnel, and other research 
inputs over the 1988-2003 period being ana- 
lyzed, he notes. Italso deviates fom the pat- 
tern in the European Union and in emerging 
Asian nations, where the output has contin- 
ued to grow. Asa result, their scientists can 
claim a rising share of global publications, 


S8E Article Output 


1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 


World share 
of top 1% 
cited articles 


Who's Up, Who's Down. 


AIL U.S. sectors 

ACADEMIC 

NONACADEMIC 
Federal government, including NIH 
National labs, etc. 
State and local government 
Private for-profit 


1992-2003 


Largest growth* 
Drew Univ. of Medicine & Science 127% 
Florida A&M Uni 116% 
‘Clark Atlanta Univ. 101% 
Univ. of Nevada, Las Vegas 99% 
Univ. of Montana 8% 
Colorado School of tines 72% 
New Jersey institute of Tech 

Georgia Institute of Technology 


Steepest decline 
MCP Hahnemann Univ. 
Virginia Tech 
Univ. of Dayton 
Drexel Univ. 
‘SUNY HSC, Brooklyn 
USUHS, Bethesda, MD 
‘Univ. of Texas, Dallas 
‘San Jose State Univ. 


* Among top 200 US. universities, by amount 
of federal RAD funding for 1992-2001. 


64% 


46% 


2% 
-28% 
-28% 
26 
-25% 
24% 


Paper tral. Although US. scientists have fallen behind Europe in total output, they retain a commanding 
lead among mostcted articles. And although the US. academic sector as a whole slat, some universities 
have experienced a publication spike and othersa steep drop. 


The data that puzzle Lehming and other 
staffers from NSF's statistical shop. 
come from Thomson Scientifi 
phia, Pennsylvania, company that tracks the 
global scientific publishing enterprise. 
‘Thomson monitors more than 5000 journals, 
tallying the demographics of the authors and 
the impact of their articles, That pool has 
actually grown over the time period 
Thomson’s universe of journals grew by 
20%, and the average journal ran 40% more 
articles. And despite the proliferation of 
online journals and other means of commu- 
nication, NSF officials believe they are 
using the right yardstick to measure produ 
tivity: Traditional printed journals, they say, 
have remained the gold standard to 
announce new research Findings. 

To interpret what they found, NSF*s 
number erunchers took the unusual step of 
visiting nine prominent U.S. unive 
and interviewing dozens of faculty mem- 
bers and administrators, Although they 
heard many anecdotes about trends in 
research, a second report (nst07204) stat 
baldly that “data from interviews and meet- 
ings are not very useful for considering 
some possible explanations” for the stag 
nant number of publications. 

Nevertheless, theories abound, Two pop- 
ular ones offered by the bibliometric co! 
munity include an aging scientifie work 
force that is growing less productive as it 
hears retirement and 


rewards. Diana Hicks of the G 
tute of Technology in Atta 
for a third reason: Gover 
‘world have been demanding greater produc- 
tivity from their scientists as the price for 
continued support, Many Asian countris 
have enhanced that effort “to extract latent 
capacity” with additional funding, she notes. 
The resulting increased flow of papers # 
has “pushed out some mediocre 5 
U.S. authors, Hicks say: é 
subtle, she adds, that 
think to blame anybody but themselv i 
Lehming favors a fourth cause: the £ 
steep learning curve associated with col- ¥ 
3 

i 

2 

g 

g 


jentists 


laborative research, an inet ingly popu- 
lar mode of operation, But he admits that 
there's no hard evidence for any 
“We've beaten the data to deat 
. “So in the end, we decided to put the 
‘material out there and let people react.” 
JEFFREY MERVIS 


heot 


fesse: 
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SOLAR POWER 


Light-Splitting Trick Squeezes 
More Electricity Out of Sun’s Rays 


To create highly efficient solar cells, 
researchers have employed a novel engi- 
neering strategy worthy of Sun Tzu: 
Divide and conquer. 

The scientists are part of a 


nanotechnology or organics to solve the prob- 
Jem. Delaware researchers had a different idea: 
Use recent advances in optics to spit the light 
and reroute it to smuller sacks of photovoltaic 


USS. Department of Defense effort 
aimed at producing small photo- 
voltaic modules for battlefield elee- 
tronies. Commercially available 
solar panels convert to el 
only about a fifth of the energy 
‘across the solar spectrum that hits: 
them; the goal of the program is to 
‘capture more than half, The team, 
Jed by researchers at the University 
of Delaware, Newark, has used a 
novel light-splitting technique to 

j ‘combine in a single device materi- 


als whose properties would other- 
make it difficult to 


i only a year and a 
half of work, the 
$12 million project 

has yielded an un- 


8 efficiency—beating the previous 

F mark by about» 

Although the team hasn’t yet built a 

5 prototype of a working solar cel, the achieve- 
ment “is important to show thatthe concept 

i "says Henry Brandhorst, an engineer 

at Auburn University in Alabama, who 

3 

i 


focuses on high-efficiency cells and is not 
involved in the work. More importantly, he 
says. the “very interesting approach” could 
give solar-cell researchers a new set of 
“options if it can be shown to be affordable, 
“We've completely made the choiees for solar 
cells more flexible.” says Delaware electrical 
‘engineer Christiana Honsberg. 

Diflerent varieties of semiconductors lay- 
cred in solar cells respond to photons of vary: 
ing enemgies to produce electricity. Until now, 
however, the requirement that the atomic struc 

3 tures of such layers line up to allow proper 
‘ ‘growth has limited the combinations 
2 that researchers could use to gain better effi- 
B ciencies. When the Defense Advanced 
§ Research Projects Agency (DARPA) tackled 
E the problem in 2005, hoping that mobile cells 
8 could reduce the number of batteries soldiers 
§ carry for devices such as flashlights, they 
§ looked to advanced approaches such as 
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Twice as nice. New solar- 
power device splits light 
into high- and low-energy 
beams and routes them 
to different electricity: 
producing materials. 


materials that otherwise wouldn't work 
together (sce diagram). Its net a new concept; 
NASA scientists used a prism in the 1970s to 
create a “rainbow cell” with the same goal 
“But a lot of the light gets lost using a prism 
says Delaware electrical engineer and team 
leader Allen Bamett 

At a meeting in 2005, DARPA program 
‘manager Douglas Kirkpatrick. a physicist with 
experience in the lighting industry, suggested 
thatthe research team’s talented opties unit use 
recentadvancesin so-called dichroic materials, 
Which separate light into specific wavelengths, 
(Where have you been all my life’ 
Kirkpatrick of the eureka moment.) The 
research team, which included industrial as 
‘well as academic partners, took that appreach 
and achieved with optics a 93% efficiency in 
processing and splitting the y 
‘unpublished tests. Independent officials with 
the National Renewable Energy Laboratory > 


AWar Over Indirect Costs 


US. research universities could end up losing 
millions of dollars under a proposal to cut by 
‘more than half the overhead rate on $1.5 bil- 
lion a year in basic research grants from the 
Department of Defense (DOD). Universities 
‘currently receive anywhere from 45% to 
55% of the total amount of a grant for the 
legitimate costs associated with supporting 
research, including everything from electricity 
to cleaning animal cages. A report accompa 
fying the 2008 defense spending bill marked 
Lup last week says a 20% cap is needed 
because overhead costs have “grown to 
‘unwarranted levels.” 

That's just not true, says Robert Berdai, 
president of the Association of American Uni 
versities in Washington, D.C. The average indi 
rect cost recovery rate has remained at about 
51% fora decade, he says, despite the rising 
ost of supporting research. The proposed cap, 
if retained in the final defense spending bill 
‘now moving through Congress, could even 
force schools to forgo DOD grants, he adds. 

=YUDHIJIT BHATTACHARJEE 


Don't Be Put Off by Offsets 


The head of a new congressional panel on cli 
mate change wants the U.S. government to 
‘more closely monitor the $100 million globat 
market for voluntary carbon offsets, credits 
for green projects that companies and individ- 
vals purchase from specialty brokerage fms 
to compensate for carbon-intensive activities, 
Some climate scientists say offsets, which 
include forest projects and energy work in the 
developing world, are a distraction from the 
real need: cutting greenhouse gas emissions. 

Representative Edward Markey (D-MA), 
chair of the House 
Select Committee 
‘on Energy Indepen: 
dence and Global 
Warming, feels off: 
sets could play a 
positive role. But he 
thinks consumers 
need more informa 
tion. He wrote the 
Environmental Pro: 
tection Agency last 
week that “a lack of generally accepted 
standards has raised questions about the 
credibility of some offset products.” He 
wants the agency to develop such standards, 
and he's also asked the Federal Trade Com: 
mission to devise guidelines for those who 
market such offsets. 
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in Golden, Colorado, measured the overall 
solar-cell efficiency under simulated condi 
tions; separate NREL 
cells used in the device. The device is based on. 
well-known semiconductors tuned to respond 


nbuilt several of the 


to specific wavelengths using doping and other 
ks the researchers won't reveal 
New electronics allowing parallel powe 


additional freedom, as cells 


\ithin modules connected in series produce as 
much electricity as their weakest link, 
Each of thoseadvances, however, although 


IMMUNOLOGY 


A Slimy Start for Immunity? 


wet sick, Although these 


gooey soil dwellers, which straddle the 


Even slime mold: 


boundary between single-celled and multi- 


celled creatures, 
they can also be laid low by microbial attacks, 
On page 678, however, researchers report that 


bble up bacteria as food, 


slime molds deploy cells that combat 
pathogens, a discovery implying that special- 


ized immu ded the advent of 


cells pr 
multicellular organisms, 

Developmental biologist Adam Kuspa of 
Baylor College of Medicine in Houston, 
Texas, and colleagues also found that the 
xerm fighters depend on a protein used by the 
more sophisticated defensive systems of 


plants and animals, The work “shows how 


‘molecules that play a role in innate immunity 


are already present in amoebas.” says cell 


biologist Michel Desjardins of the University 
of Montreal in C 

In ins are murky. Bee 
single-celled amoebas swallow their bacter- 
ial meals in much the same way that 
macropha; 


nada, 


nunity’s on use 


sand other immune cells 
envelop their targets, researchers have long 


suspected that food consumption gave rise 
this style of self-defense. 

The widely studied social amoeba 
Dictyostelium discoidewn has now provided 
strong endorsement of that idea. The amoebas, 


also known as cellular slime molds, lead a 


double fife, Much ofthe time. they are squishy 
individualist. But if food runs short, as many 
as 100,000 cells congreyate into a slinki 
blob known asa slug 

The Baylor team was investigating how 
certain transporter proteins help the amocbas 
slurp up fluorescent dyes, which were proxies 


for environmental toxins. They noticed that 
the dyes mainly ended up ina subset of cells, 
\whose job appeared to be elimin: 

The researchers then discovered that these 
cells, which they dubbed sentinel cells, also 
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in the lab, could be pricey to build. 
Most recent commercial solar efforts have 


cells cheaper to n 
g efficiency. Kirkpatrick 
says the manufactured cost goal for the pro- 
ram is S2 per peak watt, 45% under the cur- 
rent industry standard. “That's the key to 


focused on makin 


ture, not on increas 


success.” says sc er Craig 
Cornelius of the Department of Energy, who 
ssysitean take upto 15 years fornew solar-ell 
architectures to make it into the marketplace. 


But DARPA is hopi 


i for faster results, 


battle bacteria that menace the slug. In ab 
dishes, the cells snared the amoeba's 
main pathogen, the soil germ Legionella 
pneumophila, banishing it from the slug, 
Althoy earchers knew that some 
parts of the sly 


re 


specialize, for example. 
forming a spore-hokling stalk, nobody had 
discemed these protective cells, Kuspa says. 


To the rescue. A crawling slime mold slug (right, 
false color) protects itself with sentinel cells. These 
defensive cells (obove) capture fluorescent beads 
(green) much the way they do bacteria, 


Once they differentiate in a slug, sentinel 
cells crank up production of proteins involved 
in immunity in other organisms, includi 
pathogen-<etecting cell surface receptor anda 
so-called TIR domain protein that relay 

als from such receptors. Disablin 
forone TIR domain protein in the sentinel cell 
mory disrupted how cells handled bacteria 
The mutant amoehas fell victim to a strain of 
L. pneumophila tha 
Andalthough typical D. dise 
orously on plates coated with tasty Klebsiella 
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With the early proof of concept in the bag, 
research partner DuPont has announced a 


3-year commercialization effort with the 
Delaware team to spend up to $100 million 
to build prototype devices, Meanwhile. 
g work with advanced 
inotech and bio- 


researchers are continui 
kinds of cells, includi 


inspired varieties, hoping laterto use better per- 
forming materials in what Kirkpatrick calls-a 
plug and play” approach. “The building 
blocks areall in place,” says Delaware physicist 
Robert Birk ~EU KINTISCH 


acrongenes, their normal food, 
the mutants languished 

If those bacteria were 
a 


dead, however, the 
ebits thrived. 
Sentinel cells circulate 


within the slug asifthey are 
on patrol 


nd they appear to 


jetison globs of pathogens as 


Clumps 
of sentinel cells also get left 
behind, suggesting that, like 
some mammalian immune cells, 
they sacrifice themselves for the 
although 
the castofts could also be 


good of the body 


the seeds of new colonies, 
Kuspa says. This rudi- 


mentary immun 
tem is not a pecul 
of D. discoideum: Five oth 
also sport the cells 


rity 
slime molds 


themselves in harm’s way.” Social amoebas 
and their kin diverged shortly after the animal- 
plant split, and the results sug 
beginning for the specialized immune system 
now seen in multicellular 0 


The discovery of dedicated defenses in 
the amoebas isn’t surprisi 


ays compa 
tive immunologist Edwin Cooper of the Uni- 
versity of California, Los An, 


s."Ifyoure 
multicellular, you need to be sure that some 
of those cells are protecting against bacte- 
ria.” Immunologist Ruslan Medzhitoy of 
Yale University su; 
check for rudimentary immunity in other 
simple eukaryotes, such as solitary amoebas 
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Cancer Test Dispute Pits Researcher 
Against a Firm She Helped Create 


PARIS—When Patrizia Paterlini first reported 
cheap and rapid technology to detect tumor 
cells in blood 7 years ago, she hoped it might 
make itto the market, Today, she’s fighting to 
prevent precisely that. Paterlini, an oncolo- 
aistat the French biomedical research ager 
INSERM, is trying to stop Metagenex, a 
company in which her family owns a 
44% share, from selling testing equipment 
based on her technology, which she says has 
i not been sufficiently validated. Offering the 
test to doctors now, she says, is “unseien- 
tifie:* Government inspectors and two ethics 
panels are investigating the issue, which has 
also embroiled Paterlin’s husband, INSERM 
8 director Christian Bréchot. 
& _ Atissue is an assay called isolation by size 
§ of pithelial tumor cells ISET), in which blood 
i samples are sucked through a membrane with 
By 
Fi 
i 
Hy 


Pores just small enough to trap tumor cells but 
Jarge enough to let through red.and white blood 
cells. The captured cane 
fully characterized using various techniques. 
Standard molecular techniques to trace tumor 
cells in blood, such as the polymerase chain 
reaction, don’t allow this further analysis, says 
Claudio Orlando of the University of Florence, 
Who has tested ISET. 
Patertini hopes the method first published 
'5 in 2000 in the American Journal of Pathology. 
i ‘can monitor the recurrence of tumors in cancer 


cells can then be 


patients or sereen for cancer cells in the blood 
‘of apparently healthy people. To that end, 
Paterlini co-founded Metagenes in 2001 with 
her husbandt formerly the head of her research 
J unit. (Bréchot sold his shares in the company to 
the couple’s two children when he took the top 


8 jobat INSERM.) 
i 

ie, ®@ on 
Hered @ i { 
@e4 
H ects 
foe 


E Size matters. An ISET filter has pores (2) small 
‘enough to let blood cells (3) pass, while tumor celts 
5 (1) are captured. 
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Last year, Massachusetts Institute of 
Technology graduate and engineer David 
Znaty took over management at Metagene: 
Paterlini, who has a part-time, unpaid job 
at the company, says she endorsed the move 
and even asked Znaty to take the job. Not 
long after, Znaty persuaded two investment 
companies, AXA and Banexi, to inject 
€2.5 million into the firm. And the 
Lavergne Laboratory, a diagnostic lab in 
Paris, bought ISET equipment fom Metagenex 
and began offering the teststo physicians for 
use with their cancer patients. 

Since then, accusations have been flying. 
According to Paterlini, Znaty has broken an 
agreement to conduct multicenter trials to 
validate the ISET technology before bringing 
itto the market. Without such data, it's impos- 
sible for doctors to interpret the results, she 
says. INSERM, which co-avns the patents to 
ISET, is supporting Paterlini, Orlando, too, 
agrees that “itis absolutely too early” to use 
the test clinically 

Znaty counters that Patetini’s past studi 
offer a sufficient scientific basis touse the test: 
he accuses her of trying to push him out 
because she wants to regain control of the 
ssher husband, and thus 
INSERM, has a conflict of interest. Bréchot 
declined to be interviewed for this story, but 
Paterlini points out that the two other co-owners 
of the patents, the Université Paris-V and the 
Assistance Publique-Hépitaux de Paris, are 
also backing her. 

Jean-Claude Zena, director of the Lavensne 
Lab, says he is confident that the ISET tech- 
nology is mature enough for physicians to use. 
He says that Paterlini herself assisted the lab in 
implementing the technology before she fell 
‘out with Znaty, which Paterlini denies. 

INSERM has asked its own independent 
ethics panel and France’s National Consulta- 
tive Ethics Committee to investigate, A govern- 
ment spokesperson says that inspectors from 
the research and health ministry have also 
‘begun a joint inquiry 
spokesperson for the French Health 
Products Safety Agency says she believes 
Matera cholo slp 
ation, but she wasn't sure. 
indeed the INSERM panel saysit wants to 
Jook at the dispute in the broader context of 
how new diagnostic tests should be regulated. 
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Save the Seeds 


The United States would contribute up to 
560 milion to a so-called doomsday seed vault 
‘under a bill passed last week by the House of 
Representatives. The nonprofit Global Crop 
Diversity Trust is building the Svalbard Global 
‘Seed Vault in a mountain on Norway's Spits: 
bergen Island to preserve 3 million seed sam 
piles from the world’s crop species 

The authorization for the 5-year contribu: 
tion is tucked into a controversial plan to 
change the formula for subsidizing U.S. farm: 
ers, The United States has already spent $6 mit 
lion on the project since 2002, and supporters 
hhope the president wil seek the additional 
funding in his 2009 budget request next year. 

BENJAMIN LESTER 


More Questions for Enviro Chief 


Congress is asking more questions about the 
beleaguered director of the National Institute 
of Environmental Health Sciences (NIEHS). In 
a letter to the National Institutes of Health in 
Bethesda, Maryland, this week, Senator Chuck 
Grassley (R-IA) wonders whether NIEHS chie 
David Schwartz improperly took money from 
the budgets of other intramural investigators 
when he exceeded his approved personal lab 
‘budget of $1.8 million by $4 million (Science, 
6 July, p.26). The letter also asks for informa: 
tion about Schwartz’s hiring practices and 
whether he recused himself from reviews of 
extramural grant proposals submitted by his 
outside collaborators. Grassley wants specific 
documents by 8 August. -JOCELYN KAISER 


Sarkozy Wastes No Time 
PARIS—New French president Nicholas 
“Speedy” Sarkozy has lived up to his nickname 
bby pushing ahead wit his plan to improve the 
quality of research and education at 85 state 
‘owned universities Last week, the National 
Assembly endorsed his proposal to streamline 
‘university governance and give institutes more 
{eeway in recruiting staff, handling budgets, and 
managing real estate. Left-wing parties, stu~ 
dents, and some university professors’ unions 
‘oppose the idea, which they say wll increase 
‘competition and inequality among universities, 
MARTIN ENSERINK 
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Middle Asia Takes’ ’ 


Center Stage 


Long dismissed as a backwater, the vast area between Mesopotamia 
and the Indus Valley is now revealing a tapestry of wealthy urban 
centers that shaped humanity's first concerted attempt at city life 


RAVENNA, ITALY—Five hundred years ago, 
ed 
plain exchanged goods, artists, and ideas yet 
clung stubbornly to their own distinctive 


ross the north It 


the cities seatte 


jian 


styles and cultures, Their rivalries and trade 
swelled into a creative wave that transformed 
Europe during the Renaissance and launched 
the world into the modern era, Now many 
ologists believe that a similar awaken- 
x took pla ly 5000 yer 
even wider are to the East spanning thousands 
of kilometers, New findings suggest that a 


string of societies, from the Russian steppes 
to the Arabian Peninsula, together forged the 
first human civilizations, 

It is a radical retelling of the traditional 
story, which holds that civilization sprouted in 
Mesopotamia along the banks of the 
Euphrates, then on the Nile, and finally on the 
Indus during the 3rd millennium B.C.E., each 
culture largely isolated by harsh terrain and 
immense distances. At a meeting” here last 
‘month, archaeologists began to assemble a far 
‘more complex picture in which dozens of 
urban centers thrived between Mesopotamia 
and the Indus, trading commodities and, pos- 


ates admit they 

ginning to piece together how the 
urban boom unfolded across what they call 
Middle Asia, Nevertheless, argues Syl 
Winkelmann, an archaeologist at the Univer- 


* Intemational Association for the Stody of Early 
Civilizations in the Middle Asian Intercultural 
Space, 7-8 July. 
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sity of Halle in Germany, “we have to change 
‘our view, Mesopotam 
‘of mankind—there are many.” 

The old take on Mesopotamia as the 


mother of all civilization has its roots in 


1s not the only cradle 


archacology’s obsession with major river val- 
leys. Ancient sites in Egypt, southern Iraq 
along the Indus were relatively obvious 
accessible to Wester scientists, The more 


Asia, and parts of the Arabi 
Peninsula remained mostly terra incognita. 
The Cold War prolonged tha 
the 1979 revolution in fran and w 
Afighanistan, Middle Asia was dismissed by 
many academics as a marginal region of trad 
ing paths and small settlements that supplied 
nw materials or goods to urban sophisticates 
in the three river syster 
But excavations in fran, Turkmenistan, and 
(Oman are prompting scholars to rethink how 
civilization first took a firm bold. “During the 
last 3 centuries of the 3rd millennium BCE, 
the Iranian plateau was an incredibly dynamic 
place. A transformation was taking place 
Which finally may have led to integration.” says 
Holly Pittman, an archaeologist at the Univer- 
sity of Pennsylvania. But why Middle Asia's 
collection of sprawling civilizations suddenly 
collapsed remains a controversial question, 
Atthe Ravenna meeting. a diverse band of 
archaeologists pledged to work together to 
unravel Middle Asia’s cultural interactions. 


‘This is an experiment to see if we can prove 
connections and similarities,” says Maurizio 
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Tosi. the University of Bologna archaeologist 
‘who hosted the gathering 


At the margins no more 

Globalization is an ancient phenomenon. 
Anatolian obsidian used for making sharp 
tools is found widely in the Near East at sites 
dating to the Sth millennium B.C.E. By the 
44th millennium B.C.E., lapis lazuli mined in 
rs in Mesopotamia and 
Egypt. And by the 3rd millennium B.C.E,, car 
nelian beads crafted in the Indus River valley 


circulated in the Near East, and copper from 
‘Oman was worked into fine Sumerian jewelry 
in Mesopotamia 

Archaeologists long assumed that the 


jpetus for much of this trade came from 
booming cities that sprang up in the 3rd mil- 
Jennium B.C.E. in southern Mesopotamia, 
fertile area devoid of stone, metal, and other 
resources. (The Indus and Egypt, by contrast, 
are richer in raw materials.) That assumption 
‘was based in part on Sumerian texts and 


objects stich as those in royal graves from 
circa 2500 B.C.E. in the Sumerian city of Ur 
The tombs, found in the 1920s, include arti- 
facts made of gold, silver, copper. lapis, ear- 
nelian, and dark stone originating from as far 
away as the Indus. The diversity and lavish 
ness of the materials gave credence to the idea 
that less-developed areas to the east devoted 
much energy to exporting high-status goods. 
“Mesopotamia was thi 
 archacologist Carl Lamberg-Karlovsky 
‘Harvand University 
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Civilization spreads. 
roots. A Russian-led t 
Bxcavates a royal tomb at 
-Gqpws, in Turkmenistan, 


that ingluded a ea 


New excavations flatly contradict that pic- 
ture, The most dramatic evidence comes from 
the Halil River in southeastern Iran, After 
extensive looting of ancient cemeteries in an 
area south of the modem city of Jiroft in 2001, 
a team led by Yousef Madjidzadeh began 
excavating two nearby mounds (Science, 
7 November 2003, p.973). Over 
five seasons, the Ininian team 
uncovered the remains of a 
city that may have rivaled 
contemporary Urin its extent 
and wealth—a stunning dis- 
covery in an area long 
sidered a backwater. “If no 
for the discovery of Jiroft, we 
would not have been able to 
bring together” the concept 
‘of multiple societies contribut- 
ingto early civilization, saysTosi. 
The ancient city inthe 4 / 
mid: to late-3rd millennium 
B.C.E, covered more that 
2 square kilometers, domi- 
nated by a large citadel 
flanked by a massive stepped 
platform to the north. A room 
exe 


paint still clinging to the 
surface. The sculpture, says 


of its kind from that era. 


The team also has recovered unknown culture 
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Coming into view. This seal 
impression found near Jiroft reveals 
2 unique iconography of a hitherto- 


‘gt 
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more than 400 impressions made by some 

200 different seals between 2480 and 

(0 BCE. Impressed on wet cla, the seals 

typically marked ownership of boxes or 

baskets that may have held trading goods, says 

Pitman, who has worked at the site, Roughly 

‘one in 10 is from Mesopotamia and two are 

from the Indus, but the rest are likely 

of local origin, she says. 

The eam also found remains of 

carved vessels made of dark 

stone—steatite or chlorite 
in the citadel and in the 
cemetery. Such vessels 
have long turned up in 

‘western Asia: in Ur royal 

graves, around the Persian 
Gulf, and on the Iranian plateau 

Their origin was a mystery and they 

were given the vague moniker of 

intercultural style.” although a 

late-1960s excavation led by 

Lamberg-Karlovksy at nearby 

Tepe Yahya founda modest 

sized factory. 

In the wake of the 
cemetery looting, large 
numbers of such vessels, 
often incised with unique 


Many archaeologists ques 
tioned their provenan 
because no examples were 
found in situ. Madjidzadeh’s 


finds show that the vessels were widely used 
and may have had strong personal or 
religious meaning, because so many of them 
\Were apparently buried with their owners. And 
some were exported over vast distances. In 
Mesopotamia, they were considered so value 
able that even plain chlorite vessels were 
reserved solely forkings and temples. 

Although ransacked, the cemeteries provide 
«glimpse into the wealth of the ancient inhabi- 
tants. Madjidzadeh found one large tomb cut 

nto limestone that appeared untouched since it 

is robbed in antiquity. A stairway leads down 
toachamber containing eight burial areas; scat- 
tered throughout were 600 cametian beads and 
other precious materials. Nearby, from the 
‘dumps left by looters, archaeologist Massimo 
Viale, a visiting professor at the University of 
Bologna, extracted 1200 small lapis and 
turquoise beads, pieces of 40 or more chlorite 
vessels, and 40 to 50 copper vessels—at least 
‘one with ornate embossing. 

The looting also provided one boon: a peck 
at Jiroft’s heretofore-unknown origins. The 
robbers” holes threw up older pottery remains, 
and Vidale unearthed ceramics extending the 
settlement’s past as far back as 4000 B.C.E. 
“This has huge significance.” says Lamberg- 
Karlovsky, because it shows that Jiroft’s exis- 
tence is not just a fleeting response to 
Mesopotamian markets but a long-lived cul- 
ture, Notall experts agree. Archaeologist Oscar 
Muscarella of the Metropolitan Museum of Art 
in New York City, for one, doubts that the site 
predates the 3nd millennium B.C.E, He also 


locally 
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‘complains that the excavation team has been 
too quick to make assertions and too slow to 
publish scholarly reports. 

arella does acknowledge the impor- 
tance of the site. And many colleagues suspect 
that the culture's influence extended up the 
400-kilometer-long Halil Valley, linking com- 
munities in religion and politics. But assem- 
bling the shards of evidence into.a persuasive 
picture will take time. “In Mesopotamia, they 
have had 150 years to dig.” says Madjidzadeh, 
\who plans to publish on the finds this fall. I've 
‘only had five.” 


To the four corners 
‘Other sites in eastern fran confirm that this, 
parched region was anything but marginal. At 
Shahr-i Sokhta, for example, archaeologists 
have uncovered what was a bustling metropo- 
lis between 2530 and 2400 B.C, as large as 
150 hectares and with at least 380 smaller sites 
in the surrounding region. The central site, 
north 
basin fed by the Helmand River. Artifacts from 
that era include lapis from Afghanistan, shells 
from the Pakistan coast, vessels imported from 
the Indus, and game boards inthe style of those 
found in Ur, Long-distance trade appears to 
extend back toat least 3000 B.C 
The flow of goods was not just east to 
west, Archaeologists see a strong north-south 
link as well, Along the southern coast of the 


Ancient Writing or Modern Fakery? 


RAVENNA, ITALY—They look like a child's exercise in geometry. But 
the images Yousef Madjidzadeh projected onto a screen last month in a 
sweltering lecture hall elicited gasps from archaeologists. The symbols 
on three baked mud tablets display a hitherto unknown writing system 
and likely are part of a larger archive, claimed Madjidzadeh, chief of 
excavations near Jiroft in southeastern Iran. He believes that these 
inscriptions were made between 2200 and 2100 B.C.€. and could hold 
the key to understanding a sophisticated urban culture in Middle Asia. 
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Persian Gulf, Serge Cleuziou of CNRS in 
Paris is piecing together a long, culturally 
complex history. 

Oman in the 3rd millennium B.C.E. 
became an important source of copper for both 
amer and Sus, the great Elimite capital on 
the edge of Mesopotamia, bringing the gulf 
settlements substantial wealth. Ceramics 
found in Oman demonstrate that the region 
\was clesely connected to the coastal economy 
of Iran and, in turn, to Jiroft and the Iranian 
plateau. That connection almost certainly 
extended beyond the Strait of Hormuz; Indus 
specialists now suspect that at least some of 
their copper originated in Oman—a sign of a 
healthy overseas trading network. And Indus 
and Mesopotamian goods found in ancient 
ports along the gulf’s western coast point to 
trade via d Cleuziou 
way to Central 
Asia, where archaeologists have found 
‘Omni pots. At this northern end of the trade 
network thrived the Bactria Margiana 
Archaeological Complex, or Oxus civiliza- 
tion, consisting of large planned urban ce 
ters set amid well-watered oases and basins. 
Russian archaeologist Viktor Sarianidi, work- 
ing at sites such as Gonur in Turkmenistan, 
has evidence of a culture at the end of the 
3rd millennium BCE. 


and having a 
unique artistic style and mythological system, 


A Mesopotamian seal and an Indus seal 
found at Gonur, along with a smattering of 
Indusand Iranian goods, hint atthe trade net- 
‘work's breadth—as does an Oxus-style comb 
in Oman. That network was enabled at le 

part by the latest in transportation technology. 

Sarianidi recently excavated a cart with four 
bronze-covered wheels and a number of ani- 
‘mal skeletons in an elaborate grave, although 
the tomb’s dating is unclear, But at nearby 
Altyn-Depe, archaeologist Liubov Kircho of 
the Russian Academy of s says her 


least the middle 3rd millennium B.C. 
turies earlier than archaeolo; 
thought such carts we 
were pulled by bullocks and domesticated 
camels, she says, an innovation that would 
have made long-distance trade easier, The hot 
new transportation technology may well have 
spread actoss Middle Asia, she says 


Connecting the dots 
The seater of high-priced trade goods, 
als, and pottery has revealed the exis- 
tence of networks linking Middle Asia’s 
urban centers with each other and with 
Mesopotamia and the Indus. Elucidating 
whether they embraced common ideas as 
well—in architecture 
and religion—is the 
the archacologists who met in Ravenn: 


The discovery of an ancient script is a 
momentous find. But the circumstances sur- 
rounding the excavation have raised doubts 
about the tablets’ authenticity. “Everyone is con- 
vVinced they are fake, but no one dares say i, 
‘whispered one archaeologist after the presenta 
tion. Such criticism galls Madjidzadeh and his 
supporters, who say that although one tablet was 
found by a villager, the other two are from a 
carefully excavated trench. “People are skeptical 
because these are so different. itis hard to accept 
something so completely new,” says Massimo 
Vidale, a University of Bologna archaeologist 
who was present during the excavation. 

The first writing—cuneiform—evolved over 
‘millennia in Mesopotamia and coalesced into a 


coherent system by 3200 B.C. in the southern Iraqi city of Uruk. Not long 
after, another script appeared on the western edge of Mesopotamia. 
Dubbed proto-Elamite, after the kingdom of Elam that later flour 
beside Mesopotamia, the system resembles cuneiform, although its origin 
and meaning are a puzzle. Centuries later, toward the end of the 3rd mil 
lennium 8.CE., another set of symbols arose on the Iranian plateau: linear 
Elamite, Only a handful of examples exist, mainly from the Elam capital of 
usa and mainly inthe form of stone carvings paired with cuneiform, Some 
scholars doubt it is a coherent script; they believe it is an attempt by 
Elamite kings to appear as modem as their Mesopotamian neighbors. 


www.sciencemag.org 
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‘complains that the excavation team has been 
too quick to make assertions and too slow to 
publish scholarly reports. 

arella does acknowledge the impor- 
tance of the site. And many colleagues suspect 
that the culture's influence extended up the 
400-kilometer-long Halil Valley, linking com- 
munities in religion and politics. But assem- 
bling the shards of evidence into.a persuasive 
picture will take time. “In Mesopotamia, they 
have had 150 years to dig.” says Madjidzadeh, 
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‘Other sites in eastern fran confirm that this, 
parched region was anything but marginal. At 
Shahr-i Sokhta, for example, archaeologists 
have uncovered what was a bustling metropo- 
lis between 2530 and 2400 B.C, as large as 
150 hectares and with at least 380 smaller sites 
in the surrounding region. The central site, 
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that era include lapis from Afghanistan, shells 
from the Pakistan coast, vessels imported from 
the Indus, and game boards inthe style of those 
found in Ur, Long-distance trade appears to 
extend back toat least 3000 B.C 
The flow of goods was not just east to 
west, Archaeologists see a strong north-south 
link as well, Along the southern coast of the 
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Persian Gulf, Serge Cleuziou of CNRS in 
Paris is piecing together a long, culturally 
complex history. 

Oman in the 3rd millennium B.C.E. 
became an important source of copper for both 
amer and Sus, the great Elimite capital on 
the edge of Mesopotamia, bringing the gulf 
settlements substantial wealth. Ceramics 
found in Oman demonstrate that the region 
\was clesely connected to the coastal economy 
of Iran and, in turn, to Jiroft and the Iranian 
plateau. That connection almost certainly 
extended beyond the Strait of Hormuz; Indus 
specialists now suspect that at least some of 
their copper originated in Oman—a sign of a 
healthy overseas trading network. And Indus 
and Mesopotamian goods found in ancient 
ports along the gulf’s western coast point to 
trade via d Cleuziou 
way to Central 
Asia, where archaeologists have found 
‘Omni pots. At this northern end of the trade 
network thrived the Bactria Margiana 
Archaeological Complex, or Oxus civiliza- 
tion, consisting of large planned urban ce 
ters set amid well-watered oases and basins. 
Russian archaeologist Viktor Sarianidi, work- 
ing at sites such as Gonur in Turkmenistan, 
has evidence of a culture at the end of the 
3rd millennium BCE. 


and having a 
unique artistic style and mythological system, 


A Mesopotamian seal and an Indus seal 
found at Gonur, along with a smattering of 
Indusand Iranian goods, hint atthe trade net- 
‘work's breadth—as does an Oxus-style comb 
in Oman. That network was enabled at le 

part by the latest in transportation technology. 

Sarianidi recently excavated a cart with four 
bronze-covered wheels and a number of ani- 
‘mal skeletons in an elaborate grave, although 
the tomb’s dating is unclear, But at nearby 
Altyn-Depe, archaeologist Liubov Kircho of 
the Russian Academy of s says her 


least the middle 3rd millennium B.C. 
turies earlier than archaeolo; 
thought such carts we 
were pulled by bullocks and domesticated 
camels, she says, an innovation that would 
have made long-distance trade easier, The hot 
new transportation technology may well have 
spread actoss Middle Asia, she says 


Connecting the dots 
The seater of high-priced trade goods, 
als, and pottery has revealed the exis- 
tence of networks linking Middle Asia’s 
urban centers with each other and with 
Mesopotamia and the Indus. Elucidating 
whether they embraced common ideas as 
well—in architecture 
and religion—is the 
the archacologists who met in Ravenn: 


The discovery of an ancient script is a 
momentous find. But the circumstances sur- 
rounding the excavation have raised doubts 
about the tablets’ authenticity. “Everyone is con- 
vVinced they are fake, but no one dares say i, 
‘whispered one archaeologist after the presenta 
tion. Such criticism galls Madjidzadeh and his 
supporters, who say that although one tablet was 
found by a villager, the other two are from a 
carefully excavated trench. “People are skeptical 
because these are so different. itis hard to accept 
something so completely new,” says Massimo 
Vidale, a University of Bologna archaeologist 
who was present during the excavation. 

The first writing—cuneiform—evolved over 
‘millennia in Mesopotamia and coalesced into a 


coherent system by 3200 B.C. in the southern Iraqi city of Uruk. Not long 
after, another script appeared on the western edge of Mesopotamia. 
Dubbed proto-Elamite, after the kingdom of Elam that later flour 
beside Mesopotamia, the system resembles cuneiform, although its origin 
and meaning are a puzzle. Centuries later, toward the end of the 3rd mil 
lennium 8.CE., another set of symbols arose on the Iranian plateau: linear 
Elamite, Only a handful of examples exist, mainly from the Elam capital of 
usa and mainly inthe form of stone carvings paired with cuneiform, Some 
scholars doubt it is a coherent script; they believe it is an attempt by 
Elamite kings to appear as modem as their Mesopotamian neighbors. 
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Massive ceremonial platforms could be 
one clue to a shared culture. Such structures 
sprang up across the region—from 
Mesopotamia, where they are called zigs 
rats, to Afghanistan—in the middle and late 
3rd millennium B.C.E, Jiroft has what 
Madjidzadeh says is a two-stepped 
platform, and a smaller version 
recently has been found 
dad, a site near the modem ci 
Kerman, Iran, Even the central 
structure at the major Indus city of 
Mohenjo-Daro, long thought to be 
the remains of a later Buddhist 


supa, may be a platform like those 
built to the west, says Giovanni 


Desert pantry. On the Oman peninsula, the Hil site, excavated by Serge 
Cleuziou (inset), hasa sophisticated architecture with what may be cellars 
for storing trade goods bound for distant lands. 


Verandi of the University of Naples. 
One w whether 
writing played an important role in Middle 
Asia. A script called proto-Elamite appeared 
3000 B.C.E., and some 1300 tablets 
were found lon, Scholars 
‘assumed that the seript originated there, in 
the shadow of cuneiform, But in recent 
decades, proto-Elamite tablets have 
been une oss the Iranian plateau, 
Madjidzadeh, who found a tablet in Ozbaki, 
a site west of Tehran, ealls the script “proto- 
Iranian” or “proto-plateau” to eliminate the 
traditional focus on the western end of the 
plateau, And he is betting that next season in 
Jiroft he will uncover an archive full of 


to linear Elamit 
(see sidebar, p. $88). 

Seals and seal impressions may provide 
the deepest insights into the exchange of reli- 
gious, mythological, and political ideas. 
Those found at Jiroft, 
intimate view into the b 
area in the mid—3rd millent 
ing f has winged zoddesses 
with snakes sprouting from their shoulders 
and rulers with narrow waists wearing bird- 
like headgear. Pittman, a specialist in se 
analysis, says the specimens offer “a whole 
new visual vocabulary” and demonstrate “a 
robust and independent culture.” 


later script 


Echoes of this powerful iconography 
appear slightly later in areas as far west as 
Mesopotamia, where narrow waists on seals 
became all the nage, and as far north as Turk- 
menistan, where a snake goddess shows up 
‘on Oxus seals, “There is some sort of cultural 
ration from the Oxus to the Iranian 
4 to the Persian Gulf,” says Pittman, 
re profound similarities.” At the 
same time, she says, “each region has its own 
identity, its own material culture.” By the end 
of the 3rd millennium B.C.E., cuneiform 
texts hint at growing wealth and power to the 
east; Sumerian rulers began to ally them 
selves with these kingdoms, cementing 


Given the dearth of linear Elamite inscriptions, the Jioft finds are 
attracting scrutiny. In early 2005, Madjidzadeh’s team found a brick 
in the gateway of the main Jiroft mound. Dated to between 2480 and 
2280 B.C.E., the brick is inscribed with signs that may be related to 
linear Elamite, Madjidzadeh says. Later that field season, a worker 
showed the dig director a tablet with odd sym: 
bls that he said came from a hole he dug a 
half-kilometer from the mound. 

Returning last year, Madjidzadeh had a 
student dig a trench at the spot. The team 
promptly recovered a second tablet. The next 
day, Madjidzadeh came to oversee the work; he 
‘uncovered the third tablet. The three tablets 

8 appear to show a progression. One has eight 

B simple geometric signs, another has 15 slightly 

4 mote complex signs, and the third has 59 sions 

2 of an even more complex nature, all inscribed 

i in wet clay. On the back of each, apparently 

§ ‘scratched into the mud brick after it was dry, are 

“inscriptions that may be related to linear Elamite. Madjidzadeh believes 

: he has stumbled on an archive, and that a librarian-scribe made the marks 
con the back of each tablet. He believes the tablets reveal finear Elamite’s 

2 evolution from simple geometrical system to final complex form. 

B That analysis doesn't wash with some specialists. One archaeologist 

E at the meeting suggested that the tablets could be exercises from a 

5 scribal school. Others doubt the authenticity of the geometrical mark: 
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ings. Earlier this year, Madjidzadeh shared photos of the tablets with 
Jacob Dahl, a specialist in ancient texts at Berlin’s Free University. “I 
‘was shocked,” Dahl recalls. "No specialist in the world would consider 
these to be anything but absolute fakes.” The only script the geometric 
designs resemble, he argues, is a modern phonetic system for Eskimo, 

However, Dahl is intrigued by the inscriptions 
‘on the back of the tablets, which he says could 
indeed be linear Elamite. He maintains that itis 
possible that the tablets are fake on one side, 
genuine on the other. Mesopotamia, he notes, is 
fife with objects that combine real inscriptions 
with those of counterfeiters. 

Such assertions “are completely crazy,” says 
University of Pennsylvania archaeotogist Holly 
Pittman, who has worked with Madjidzadeh at 
Jiroft. She notes that when fine artifacts from 
the 31d millennium B.C.E, began to trickle out 
of Afghanistan decades ago, scholars were simi 

larly dismissive because the material did not con 
form to existing theories. 

Madjidzadeh plans to publish soon a scholarly article laying out the 
details. But the controversy is likely to roil the field until he returns to 
Jiroft in November and expands the trench. Then the critics will eat 
‘crow, predicts Pittman. “They will be shown to be fools when he pulls out 
11000 tablets,” she predicts. Such extraordinary evidence may be vital to 
back the extraordinary claims. ~AL. 
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Cracking Open the 
Iranian Door 


“Let's do something!” exclaims Hassan Fazeli- 
Nashali, the new chief of the Archaeology 
Research Center in Tehran. What he has in mind 
is transforming Iran's sputtering archaeological 
enterprise into a world-class effort, an ambi- 
tious goal in a country rich in unexplored 
ancient sites but mired in complex politics. 
Fazeli-Nashali, 45, is undaunted, At the 
Ravenna meeting (see main text), he laid out a 
bold plan for engaging more foreign scientists 
and honing the skills of Iranian academics. 

I Fazeli-Nashali i brash, he can aford tobe, 
thanks to his sterling credentials in an Islamic 
regime. “I lost my leg, 50 they trust me,” he says, thumping the prosthetic 
he received after being wounded during the Iran-Iraq war 2 decades ago. 
"Y'm a soldier ofthe revolution, but I've never been in politics,” he adds, 
“and my brother is a mullah and my father was a mullah. We're a religious 
family, so there are no points against me.” He has also won respect in is 
field, He received a Ph.D. from the University of Bradford, U.K. specializing 
in social and craft complexity in prehistoric ran, and served most recently 
as head of the archaeology department at the University of Tehran, the 
‘country’s top institution of higher education, 

Colleagues are delighted with Fazeli-Nashali’s open attitude and 
pledge to ensure access for foreign researchers, including Americans. 
“This is a most dramatic and welcome initiative, and extraordinarily 
encouraging,” says archaeologist Carl Lamberg-Karlovsky of Harvard Uni- 
versity, who, like other Americans in recent years, has found it nearly 
impossible to win approval for lengthy stays. Europeans, Japanese, and 
Australians generally encounter less trouble, although several have had to 
postpone or cancel dig seasons because of visa delays. 

Iran's parliament has a vocal faction that wants to halt work with for: 
eign archaeologists, and Fazeli-Nashali acknowledges that some Iranian 
academics oppose cooperation out of fears that foreigners will control top 
sites. Many colleagues doubt that Fazeli-Nashali can overcome the rival 
{don't think his position is all that solid,” says a 
with long ties to ran. “But | hope he sticks around.” 
Below are excerpts from a conwversation with Fazeli-Nashali.  A.L. 


Visionary. Hassan Fazel-Nashali wants outsiders to help 
‘overhaul ran's troubled archaeciogical community. 


On his new position: 

This job is hard for everybody. | plan to stay 
3 years only, But | worry that intemational work 
will dry up when I leave. 


On the dam crisis: 

There are more than 100 [dams] under con- 
struction, and huge archaeological sites are 
going underwater. At just one site—in 
Pasagardae—we had 10 teams working for 
15 seasons over 3 years until the water began 
to rise 3 months ago. So we face a big prob- 
lem, My government will ask [foreign] archae~ 
cologists who want to come to Iran to pay for 
their international flight while we cover labor, 
subsistence, and transport costs. 


‘On domestic excavations: 

We need to open the gates for a new generation and reorient our 
research away from museum collecting and toward understanding social 
‘and economic transformation, The big problems in tran are publishing 
scientific papers and excavating sites in a timely manner. We are paying 
{ots of money for excavations, but we are not producing the publications 
{o justify that money, 


‘On international cooperation: 

[My main objective is to forge a link between Iranian and foreign univers 
ties. At the University of Tehran, we began a Tehran plain project in 2003, 
with cooperation among Leicester, Bradford, and Durham universities, We 
also have a project to examine the process of urbanization in the Zagros 
‘Mountains, which involves the universities of Reading, London, Tehran, 
‘and Hamadan. These kinds of projects help address the asymmetry 
between foreign and Iranian teams. 


On politics: 
‘Our country stands to benefit from cooperation, so | want to encourage 
people to come to Iran, Archaeology has been used frequently for other 
agendas—think of Mussolini or Hitler. And this is not the age for archae- 
ology to be political. 


‘agreements with diplomatic marti 
Unlike the Italian Ret 


Asian societies ultimately did not bear f 
From Mesopotamia to the Indus. people aban- 
doned cities, long-distance trade ground to a 
halt, and civilization wilted. The Iranian 
plateau was particularly hard hit: Virtually no 
2nd millennium B.C.E. settlements have been 
found ther 

The crisis seems to have swept from west to 
east, By 1800 B.C.E., even the Indus metropo- 
lises emptied. Most archaeologists believe that 
a drastic climatic shift—there is evidence of 
prolonged drought in many areas—fueled the 
collapse, although experts differ over the roles 
of disrupted trade or social instability in the 
spreading calamity. Whereas cities revived in 


western Iran and Mesopotamia 1000 years 
later, sites such as Jrofi, Shahdad, Gonur, and 
Shahri Sokhta never recovered. 

Although their influence waned. Middle 
Asia's long-lost settlements are now fore~ 
ing many archaeologists to ditch the vener- 
able Mesopotamia-centric approach, 
which Lamberg-Karlovsky declares 
“utterly demolished, 

Not everyone is ready to jump aboard that 
bandwagon, however. until more evidence 
‘emerges about how the Middle Asian cultures 
interacted. “You clearly have multiple centers.” 
ssaysarchacologist McGuire Gibson of the Uni- 
versity of Chicago in Tilinois, who has dug in 
frag. “But Mesopotamia is still the dynamo.” 
Philip Kohl. an archaeologist at Wellesley Col- 
lege in Massachusetts, says he is “skeptical of 


the novelty” behind the Middle Asian discus- 
sion, pointing out that most of the finds—with 
the exception of Jiroft—are not new. And son 
key players—such as Jean-Frangois Jarrige, 
director of the Guimet Museum in Paris 
missed the Ravenna meeting. 

But backed by established scholars stich as 
Tosi, Lamberg and Cleuziou. 
new generation is staking its academic futu 
on understanding Middle Asian cultures, The 
ancient mud-brick cities may never draw the 
crowds that today clog Florence or Veni 
But scholars predict that a Middle Asi: 
Renaissance will sweep archacolog 
Winkelmann says. “We can expect an ava~ 
lanche of new research to change our view of 
‘mankind's first attempt at civilization.” 

ANDREW LAWLER 
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MARINE SCIENCE 


Ocean Observing Network Wades 


Into Swirling U.S. 


Fiscal Waters 


A fledgling integrated monitoring system holds promise for scientists, the fishing 
industry, and the public—if funding can be sustained 


The US. ocean science community has long 
\wished it had the resources to monitor the seas 
as thoroughly asthe National Weather Service 
scans the skies. Last week its ship came in 
The National Oceanic and Atmospheric 
Administration (NOAA) announced the first 
portion of $21.5 million in competitive grants 
to lay the groundwork foran Integrated Ocean 
Observing System (00S). Butexpanding the 
‘current network of buoys, radar stations, satel- 
lites, and gliders is only part of the challenge, 
For the systemto succeed, scientists must also 
navigate treacherous budgetary 
waters in Washington, D.C., and 
learn to work with other sectors 
that rely upon ocean data, 

ederal officials and scientists 
envision [OOS asa multiageney, 
well-connected effort to improve 
climate predictions, develop bet 
ter navigational tools, and 
strengthen the monitoring of 
marine plants and animals. The 
‘current patchwork of instruments 
runs the gamut from coast 
gauges that measure water tem- 
erature, currents, and salinity to 
midocean floats that provide hints 
of an emerging El Niflo, But those instru- 
ments operate on varying scales, use different 
standards, and lack a central unifying plan, 
according to the US. Commission on Ocean 
Policy, which in 2004 called for an annual 
USS. ocean-observing budget of $500 million 
by 2011. The projects also rely on the largess 
of individual legislators, who each year have 
tucked earmarks for these projects into 
spending measures. 

In order to realize their expansive vision, 
‘ocean scientists know that they must end their 
addiction to special funding and become part 
of an ongoing national initiative. “Moving 
a\vay from earmarks is something we have to 
do to mature.” say's ph jographer 
Eric Terrill of the Scripps Institution of 
Oceanography at the University of Califor- 
The so-called pork was 
needed, say marine researchers, because the 
projects lacked a home within NOAA's extra- 
mural program and because the National 
Science Foundation has traditionally focused 
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‘on marine research rather than monitoring 
The 2006 NOAA budget. for example. 
included 10 separate ocean-observing proj- 
ects funded by earmarks totaling $24 million, 
including nutrient and weather monitoring 
Long Island Sound and buoys that help mon- 
itor bacterial levels from sewage off southern 
California beaches. 

Inthe past, researchers ignored pleasnot to 
obby for their projects. But this year, the 
Washington, D.C.-based Consortium for 
nographic Research and Education 


j Powerful force. 1005 would 
‘offer better information on storm 
surges and other marine events, 


(CORE) prevailed on its members to abstain 
from requesting earmarks in the 2008 spend- 
ing bills currently before the House and the 
Senate."“That was not an easy thing for people 
to do,” says CORE’s Kevin Wheeler, The 
‘change was made easier when the new Demo- 


cratic majority in Congress decided to strip 
bill 


‘earmarks from NOAA's 2007 spendin 
but not remove the money from the agency 
budget. The funds allowed NOAA to run 
competitive IOOS grants program this year 
that attracted 42 proposals. This year for the 
first time. the agency endorsed the idea of 
competitive awards by asking Congress to 
fund an extramural 1OOS program. 

‘Some withdrawal symptoms have kicked 
in, however. One, say researchers, is indi 


sisting facilities. A joint 
letter by a federation of ocean-observing 
groups complained that NOAA’s competi- 
tion put too much emphasis on “demonstra 
tion projects.” Among last week's winners, 
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networks in Alaska, southern California, and 
Maine each got only one-third of the roughly 
$2 million they'd come to expect from ear- 
marks, and Terrill says he may need to pull 
tsvo buoys that have helped monitor the rela- 
tion between climate and biological life off 
the coasts of Santa Barbara and San Diego, 
NOAA has already said it will tweak next 
year's competition to focus on “sustainment.” 

Getting the disparate ocean watchers to 
cooperate is another problem. Scientists, 
marine officials, and seafaring industries 
have organized into 11 regional associations 
along the U.S. coasts in an attempt to coordi- 
nate their research and observational needs, 
A group monitoring the Gulf of Mexico has 
managed to do that, says its leader, physical 
‘oceanographer Worth Nowlin of Texas 
A&M University in College Station, but it 
was a struggle, He says that some of the oil 
companies that fund monitoring syste 
agreed to share their data only after “inter 
vention” by the U.S. Minerals 
Management Service, a partner 
in L008, 

A third challenge is to sustain 
growth in the relatively modest 
‘ocean-sensing budget during a 
budget eycle that promises to be 
extremely contentious. “The 
[NOAA] competition was good, 
but the agency didn’t have enough 
money.” says Representative 
Thomas Allen (D-ME), who has 
introduced a bill, without a price 
tag, that would authorize a “eoor- 
dinated, comprehensive” 1008. 
A similar Senate bill puts the fig 
ture at $150 million annually through 2012. 

The fight over NOAA'S 2008 budget, for 
the fiscal year beginning 1 October, reflects 
that pressure. Citing concerns about the size 
of the overall budget, the White House has. 
threatened to veto both Senate and House ver- 
sions of the spending bills, which would give 
1008 $30 million and $14 million, respec- 
tively. The latter amount matches NOAA's 
request for the program. 

But supporters remain optimistic. They 
believe the network's ability to build last- 
ing ties between scientists and the gover 
ment is well worth the modest investment 
Asan example, NOAA’s Jonathan Phinney 
lauds the “equal partnership” between fed- 
eral fishery managers and academic 
‘oceanographers in an IOOS-funded study 
of how sardines might be affected by 
currents altered by climate change 
“That's the only way we're going to move 
forward.” says Phinney 


ELI KINTISCH 
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PROFILE: PILAl POONSWAD 


Subduing Poachers, Ducking 
Insurgents to Save a Splendid Bird 


Biologist Pilai Poonswad has earned praise for reaching out to southern Thailand's 
alienated Islamic communities in an effort to observe and preserve hornbills 


NARATHIWAT, THAILAND—Two soldiers in 
dark-green fatigues and camoutlage flak jack- 
ets creep through the grass in 
median, searching for bombs. Tensions are 
high this moming in Narathiwat, one of three 
restive provinces in southern Thailand beset 
by an Islamic ney. The day before, a 
district official and an army colonel were 
killed by a roadside bomb, “I do not feel safe,” 
confesses Pilai Poonswadl after passing the 
third such army patrol. The soldiers are prime 
targets; merely being in their vicinity entails 
risk, she says, 

The relief is palpable as the silver pickup 
truck emblazoned with the Thailand Hornbill 
Project logo turns offon a dirt road and pulls 
into village, Pilai, Southeast Asia's foremost 
authority on hornbills—the “canaries in the 
coal mine” of tropical rain forests— joins a 
few colleagues and a dozen men sitting cross- 
legged in a circle in a gazebo. The powwow 
begins, as the men chime in with reports on 
the hornbills and nests they are tracking. In 
Tha arly half of all hornbill habitat 
has b « out oF converted to planta- 
tions, and this forested swath of the Kra 
Isthmus is one of the few areas left with 


nsu 


nd, nei 
lo 


adequate intact forest to support healthy 
populations. Data from farther south in the 
near the Malaysian border, are sec- 
nd: Pilai unged spotters from that area 
not to venture out on dangerous roads 

The bird watchers have mixed news. Hel- 
meted hornbills (Buceros vigil). which are 
‘choosier than other species about nesting sites 
are clearly on the ropes, and White-crowned 
hombills (Berenicornis eomatus) are vanish- 
ing. But four others—the great hornbill 
(Buceros bicornis), the rhinoceros hornbill 
(Buceros rhinoceros), the wreathed hornbill 
(Ritvticeros undulatus), and the bushy-crested 
hombill (Anorrhinus galerinus)—are rebound 


“We're set 


fational Park, some 40 breeding 
pairs of the six species are visited twice weekly 
by the villagers, most of whom once poached 
chicks for the illicit wildlife 
in illegal logging. These days. their subsistence 
incomes are increased by the hornbill project. 
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Which pays them to observe the binds. 

The Thailand Hombill Project, con 
and led by Pilai, 61, is hailed as a smashin 
success both for its efforts to preserve hort 
bills and for reaching out to Islamic communi- 
ties in this predominantly Buddhist nation. 
And it has earned Pilai interna 


year: a Chevron Conservation Award and a 
Rolex Awan for Enterprise 
lai is an icon for indigenous Asian sei- 


Looking up. Rhinoceras homnbill numbers are on 
the rise. 


cence.” says Alan Kemp, a hombill expert at the 
Percy FitzPatrick Institute of African Omithol- 
ogy in Cape Town, South Africa. Timothy 
Laman, an ornithologist at Harvard Unive 


sity. told Rolex: “I have never met an individ- 
tual who has had so much impact on conserva 
tion in their country. 

Despite Pilai’s efforts, however, the plight 
of hornbills in Thailand, home to 13 of Asia's 
31 species, is more precarious than ever. Over 
the past year. the insurgency has grown 
who spends most of her time in 
ok, frets whenever she hears about vio- 
ence in Narathiwat, 745 kilometers to the 
south. She fears for the safety of her local staff 
and the village birders, without whom the 
project would unravel. And the homnbills 


themselves are under rising pressure from ille- 
gal logging. “That's the biggest threat.” says 


's is lucrative and eas- 
ier than poaching, i's hard to 
to desist for hornbills' sake. “I told my team, 
‘not to confront loggers,” says Pilai 

people I can convince, but not others 


ersuade loggers 


‘ertain 


Winning southern hearts 
From the beginning of her university studies, 
Pilai intended to be a science teacher. She 
dabbled in nuclear physies before settling 
down in parasitology, which she still teaches 
ait Mahidol University in Bangkok, She might 
never have studied hornbills if it weren't for a 
BBC filmmaker who hired her as an adviser 
le in Khao Yai National Park in cen- 


tral Thailand in 1978. Pilai knew the terrain 
well and volunteered to take him to where 
she'd seen hornbill flocks. But it was the start 
of breeding season, and she did not realize 
that the hornbills had dispersed into mating 
1 failed the first time out.” Pilai says, 
foraging great 


pairs. 
But she persisted and tracked 
hornbill male to its nest. 
Kemp, for one, appr 
fieldwork in Southeast Asia. In 1974, when he 
‘was setting off for $ months of research in 
Borneo and India, the late Elliot MeClure, a 
renowned ornithologist, confessed to Kemp 
how difficult it was to locate hornbill nests in 
the region—“et alone make any meaningful 
observations.” Kemp, who by then had 
recorded nearly 200 nests in South Africa's 
Kruger National Park, managed to find a single 
nest in Borneo’s rain forests, “Fast-forward to 
Thailand in 1991, my first meeting with Pisi’ 
says Kemp, or at Transvaal 
Museum in Pretoria 
her 70 nests in Khao Yai, and hundreds of hours 
of field data for both breeding and nonbreeding 
hombills.” In Kemp's view, Pilai proved that 
with “determination and forest skills itis pos- 
sible to obtain sufficient observationsand nest- 
ing records of hornbills to do good science.” 
The more Pilai learned about hornbills, the 
more entranced she became, (Pilai admits she 
hasan obsessive personality, and one obses- 
sion is food: She bemoans the shrinking Thai 
palate and pines for the wider variety of fruits 
and delicacies available in her youth.) Hom- 
bills are known for their sometimes brilliantly 
colored casques—protrusions above the beak 
that may help dissipate excess body heat 
and wingspans reaching nearly 2 meters, 
Hombill mythsabound. Borneo’s Iban people, 
for example, believe that the birds transport 
the souls of dead people to God. Males are 
fiercely protective of females and pairs are 
believed to bond for life, although this 
remains unconfirmed due to the pauc 
long-term observations. “We'd like to see if 
this is true.” Pilai says. During mating, the 
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he showed me some of | 


nale walls herself into a tree cavity usin; 
her feces, mud, and regurgitated food, leaving 
the male to forage and otherwise dote until a 
chick (or chicks, depending on the species) 
fledges.a few months later, 

In the early 1990s, fearing that Thai vil- 
lagers Would strip the forests of anything of 
value, especially in the impoverished south, 
Pilai decided that remaining a dispassionate 
scientist was not enough. “I could not sleep, 
felt if I did nothing, the homnbills would be 
he mulled the problem in her office 
in Bangkok, and in 1994, came to an 
phany: She had to join forces with south- 
ern communities.“ knew we had to express 


‘our goodwill, some wa 

At the first village Pilai visited, her pro- 
posal to pay people to observe hornbills was 
greeted with skepticism, Exasperated, she 
lashed out, “T said, *Your children will curse 
you for destroying the forests.” ” After an 
awkward silence, she recalls, an assistant vil- 
lage chief responded: “There are times 1 
like to curse my own parents for what they did 
to the forest.” But Pilai still had to convince 
Muslim villagers to work with a Buddhist 
from Bangkok. “Lasked them, “Have youever 
eam take anything but data 
Ifyou do not want this proj- 
ect, I ean easily work somewhere else!” ” 
Since then, Pilai has enlisted bird watchers in 
11 Islamic villages. Many are sponsored by 
Thai families that she has persuaded to 
lopt” hornbill nests, 


seen me or my 


sheets from here’ 


Not for the faint-hearted 
Trekking into the backcountry of Budo-Sungai 
Padi National Park, dotted with baubinia stands 
ablaze with copper-colored leaves, Pilai pauses 
to pick up what seems to be an ordinary stick 
She snaps it and fragrant cinnamon wafis up. A 
she grabs what looks like 
green mango. “I love picking up fruit to have a 
close look,” she says, before dropping it sud- 
denly. She bends down and points to patches of 
dark goo on the skin. The fruit isa nasty cousin 
‘of mango with toxic resin, one of the few haz- 
ards in the park, the prime one being snakes. 
After an hour's hike, Pilai. accompanied by 
her local project manager and a village birder, 
reach a blind that had been fashioned from 
es for observing a nest 
the largest species, with a 
ily 2 meters—in a 


few minutes la 


of a great hornbill 
that reaches 1 


rumored to maintain forest hideouts, an army 
patro! that mistook the blind for an insurgent 
shelter, or teenage arsonists. No matter who is 
the culprit, the destruction is a troublin 
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sign. 
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Taking off. Alter attaching a wing ta, Plai Poonswad prepares to release a great hornbil, one species that's 


making a comeback in Thailand, 


Fortunately, the hornbill pair is doing fine. 
The chick hasalready hatched and the parents, 
at first unsettled by the presence of humans, 
«calm down amid the drone of cicadas and fly 
off in search of food. 

Pilai heads back to camp and the two me 
Science reporter in tow, press deeper into the 
forest to check on an artificial nest adopted by 
a great hornbill pair. The nest is a couple of 
kilometers away across hilly terrain; great 
hornbills like to spread out. By late momin; 
the humid air is stifling and our shirts are 
drenched in sweat 

As we pause to rest ina glade, we're 
ambushed by the ni ost bloodthirsty 
creature in the forest. tis half the length of a 
pinkie and has no arms or legs, but the 
dreaded land leech attacks with astonishing 
speed. Leeches cartwheel onto our shoes 
and bound toward our ankles, seeking flesh. 
‘One had latched on earlier and was feasting 
through my sock. I yank it off, and the 
bloodstain widens 

After vanquishing the marauders. we 
approach the artificial nest, strapped to a tree 
about 20 meters up. Pilai’s team began erect- 
he fibenglass axes in the park 2 years ago 


asanoption for hornbills that fal wo find a suit- 


able home. “The forest is ve ented at 
present, and suitable cavities are now the lim- 
1¢ factor for hornbill populations.” Pilai 
says, Two pairs of great hornbills set up house 
this year in artificial nests. The species is more 
adaptable than other species and is even 
known to nest in limestone crevices. 

A month ago, the mother had broken out of 


this nest, and the chick had resealed it; the 
researchers were expecting it to fledge any 
day. We find that it has already done so, Debris 
from the nest wall afier the chick wri 
through the gap to the outside 
‘on the ground around the tree. 
Back at park headquarters that evening, 
Pilai’s team welcomes several dozen school- 
children, nearly all Muslim, for a 3-day hom 
bill camp. Project members give introductory 
slide shows about the birds, and the young- 
sters, most aged between 9 and 12, reciprocate 
with songs and skits, The next morning they 
Will tromp into the forest to observe the nest 
near the burned blind. The walls of three local 
schools are adorned with hornbill scenes 
painted by the children. Pilai believes these 
kids will care about hombills all their lives. 
What Pilai takes the greatest pride in, she 
says, is that “the former poachers never go 
back to poaching.” These days, e who 
dares to do so suffers the wrath of the com 
munity. Recently, a man from another v 
tried to snatch a hornbill chick but was 
attacked viciously by the baby’s father. Little 
did he know that he was tangling with a hel- 
meted hornbill, a species known for its 
aggressive aerial jousts. Wounds from the 
hornbill’s beak required 10 stitches—“and 
the villagers cursed him,” Pilai says, “If only 
they would curse illegal loggers, too.” 
There’ nothing she can do if someone were 
to skulk into the forest and cut down a nest- 
ing tree. Even Pilai’s obsession for hornbills 
cannot save the magnificent birds—if there's 
no place left tonest, _--RICHARD STONE 
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ASTRONOMY 


Where Are the Invisible Galaxies? 


Cosmology predicts an abundance of small galaxies made entirely of dark matter, but 


astronomers haven't found any yet 


CARDIFF, UNITED KINGDOM—Whorls of innu- 
merable stars, galaxies shine across the 
boundless darkness, th 
the nature and history of the universe. So 
swined are the notions of star, light, and 
id 
ieker at the seemingly 


galaxy tha 


one might expect astronomers. 


astrophysicists to st 


absurd idea of a dark g 
light and stars, But many say that such things 


must abound, and 92 researchers 
here recently to hash out both how to detect 
them and whether the fact that they haven't 
ny poses a serious challenge to some 
fundamental theories.” 


seen 


The questions have been foisted upon 
astronomers by cosmoloy 


of how the universe blossomed from 
the big bang. Accordi 
refined theory, 85% of the 
verse is not the ordinary matter that makes up 


standi 


stars and galaxies, planets and people. Rather. 
er that so far has revealed 
itself only through its gravity. As the infant 
Universe grew, the dark matter condensed into 


itiselusive dark mi 


enormous filaments and clumps, or “halos.” 
These weighty objects pulled in hydrog 


Which formed stars and galaxies. 
But there’s a catch: Simulations show 
that dark matter should have formed myriad 


jernational Astronomical Union Symposi 
Dark Galaxies and Lost Baryons, 25-29 June. 
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clumps between 1/1000 and 1/1,000,000 as 
massive as the Milky Way 
all halos sh 


blush, these sn 


mulated gas dwarf 


nd lit up as small 

alaxies,” thousands of which should whiz 
around the Milky Way. So far, 
have spotted only a few dozen ni 
re. Va 
tors may have kept the small halos dark. But 
ht to teem with tiny dark 
alaxies, and astronomers have yet to find 


rby 


although they're findin, ious fac 


then space ou 


any. “Ifthey don’t exist, then it’s an enc 
mous problem for astrophysics.” says 
Jonathan Davies, an astronomer at Cardiff 


UK. 


But other astronomers say the s 


University in 
alled 
es problem is an artifact of 


missing satell 


the simulations, which do not account for 
how individual galaxies form. Instead, the 
simulations track the evolution of dark mat- 


ter alone and then “paint” the galaxies onto 
filaments and clumps. “It could simply be 
that the assumptions that 
puter] code are wrong. and that if y 


into the [com- 
1 do 
dark-matter-only simulations you get the 
wroi says Albert Bosma of the 
Marseille Observatory in France 
Complicatin 


matters, researchers do not 


gree on precisely what a dark galaxy is. 
Polite disa nony 
when discussion 


nent escalates to acri 


rns to the question of 
otted one. 


whether one group has actually sp 
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Dark galaxies galore 
Dark matter was dreamt 
up 70 years ago. In 1933 
Fritz Zwicky, an astro- 
nomer at the California 
Institute of Technology 
in Pasadena, noted that 


‘Coma cluster were moving 
so fast that the gravity of the 
others could not rein them in, 
‘Some unseen dark matter, he sur- 

mised, must provide the extra gravity 
that holds the cluster together, Then in the 
19605 and 1970s, others found that stars whiz 
und the edges of 


laxies so fast that the 
ional pull of dark matter seems to be 
r apart 

Recent observations have established dark 


preve xy from fly 


matter as a cornerstone of cosmology, too, 
NASA's orbiting Wilkinson Microwave 
Anisotropy Probe (WMAP) has mapped in 
flenglow of the bi 
the cosmic microwave background radiation, 


exquisite detail the bang, 


The temperature of the microwaves varies 


ly across the sky, and the pattern reveals 


much about how the universe evolved. In 2003, 
WMAP researchers found they could account 
for the pattern ifthe universe contains precisely 
4% ordinary matter, 23% dark matter, and 
mysterious space-stretching dark energy. 

But even before then, theorists knew dark 


matter caused problems on smaller scales, 
The stuff acts likea weighty, frictionless fuid, 
which is easy tomodel. Since the 1990s, si 
ulations have shown that it should form a 


multitude of small clumps, “The simulations 
predict that there should be thousands of dark 
axies in the halo of the Milky Way 
Carlos Frenk, a cosmologist at Durham Uni- 
versity in the U.K, and a co-author of the 
state-of-the-art Millennium Simulation, “If 
they are not there, then the fundamentals of 


cold dark matter are wrot 


Discounting that possibility, theorists have 
tried to explain why small dark-matter halos 


i not evolve into visible galaxies, Ultra- 


Violet light from the first stars should have 
ionized and heated the hydrogen in small 
clumps, preventing it from condensing into 
stars. Alternatively, small halos may have 
formed massive stars that quickly blew up in 
sup 

hydrogen into space 


mova explosions, blasting the remaining 


nd leaving the clumps 
barren. Together, the mechanisms resolve the 
discrepancy between the number of predicted 
and observed dv 

That explanation strikes some as a just-so 
story. Enwin de Blok of the University of Cape 
Town, South Africa, distrusts the simulations 
that predict large numbers of small halos. 


laxies, Frenk says, 


cemag.org 


r ¢ Array of radio telescopes 
in New Mexico, he and colleag 
thespeeds of starsin 35 


's measured. 


ssies and found that 


the simulations do not precisely reproduce the 
the very things that 


velocity distributions. 


dark matter was originally supposed to explain. 
That diserepa sts dark-matter 
simulations are reliable only on scales larger 


galaxies, de Blok says. “Once you go 
small scales, then you have to take into account 


the physics” of ordinary matter, be says. 


Spotting the invisible 
Uk 
dark galaxies abound. Much effort has 


nately, observations will reveal whether 


focused on radio astronomy. Dark halos mi 
collect some atomic hydrogen, which emits 


radio waves of a distinct wavelength, 21 cen- 


timeters, So a dark galaxy should appear as a 
starless source of such hydrogen-one, 

or HI, radiation, Astronom: 
used the 64-meter dish at the Parkes 


s have 


Observatory in Australia to search for [Ja 
HI sources in the HI Parkes All-Sky 
Survey (HIPASS). They spotted 4315 
and simulations suggested that 86 of 
them should be dark 


But all but a couple of the sources 


alaies, 


axies, the team 
10." That's avery big 


are associated with 


reported 2 years a 


surprise,” says Michael Disney of 
Cardiff University, who worked on 
HIPASS. However, dark and ordinary 
laxies might often line up in the sky 
That leaves room for dark 
it appears that 


by chance 
Jaxies even th 


there aren't any.” Disney says. More 
sensitive surveys called ALFALFA 
and AGES are under way at the 
Arecibo Observatory in Puerto Rico, 

Others hope to track down dark 
laxies by their gravity. Gravity from 
one galaxy can bend the light of another behind 


itso thatthe farther galaxy appears as a rin 
around the nearer one, an effect known as 
depend 


on the distribution of matter in the nearer 


strong lensing. The details of the rin 


galaxy and might reveal small dark galaxies 
orbiting it, says Leon Koopmans of the Univer- 


sity of Groningen in the Netherlands. Since 
2003, he and colleagues have spotted more than, 
three dozen rings in data from the Slean Digital 
Sky Survey, which uses a 2.5-meter telescope 
at Apache Point, New Mexico, and from the 
Hubble Space Telescope, They hope to finish 


the analysis within 2 years 


Some researchers aim to spot dark galax- 


ies crashing into ordinary ¢ axies col- 


lide and tear one anoth 


1s. Gi 


interactions, and about 8” axies exhibit 


such damage. If dark 


of 
salaxies areas common 


Object of contention. 


as ordinary ones. then the 


1 fraction of 
seemingly isolated galaxies should have col- 
lided with invisible axies, reasons 
Igor Karachentsev of the Special Astrophysi- 
cal Observatory of the Russian Academy of 
he Republic of Karachay- 
about 1500 iso- 
ale 


showed signs of acol- 


Sciences in 
Cherkessia. B 
lated 
th 
lision, su 


laxies from three catalogs, he found 


or 0.6" 


only nine 


wg that dark galaxies are rare 
ronomers bunt for dark 


ies, they disagree about exactly what they're 
looking for. Some, such as Cardiff's Davies, 
say that a dark galaxy is anything dark with the 


galaxy. Others say that catholic def 


mass of 


inition could include simple clouds of ordi- 


zas. Edward Taylor of Leiden University 
in the Netherlands says a dark g 


ancient dark halo that collected hyde 


GOH! 21 sh 


n red contours. it could be a dark galaxy 


VIRGOHI 21 


never formed stars. That more specific defini 
tion appeals to many, but it may not be very 
helpful, either. Even Taylor says he’s “funda 


mentally convinced that such objects do not 


exist.” His theoretical work shows that any 
dark halo massive enough to collect hydrogen 


will eventually produce 


‘The murky case of VIRGOHI 22 
The debate over the defini a dark 
xy pales in comparison to the dispute over 


whether one 
Davies, Disney. 
Jodrell Bank radi 


s been spotted. In 2001 
and colleagues used the 


acclesfield, 


telescope in 


ULK., to detect an HI source that shone no vis- 
ible light in the Vingo cluster about 50 million 
-years away. They dubbed it VIRGOHI 21 


and in 2005. they argued that its spectrum 
suggests it is a rotating dark gal 


axy that has 
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snatched hydrogen from a nearby galaxy 
called NGC 4254. Images taken more recently 
With the Westerbork Synthesis Radio Tele- 
len, the Netherlands, bol- 


their claim, they say 


near Hoog! 


But others doubt that interpretation, and 
only recently has a paper laying it out been, 
accepted for publication in The 


Journal, Researchers working with the massive 


Astrophysical 


305-meter radio dish at Arecibo have studied 
VIRGOHI 21 and believe itis part of'a much 
Jonger stream of material ripped out of NGC 
4254 by an ondinary galaxy passing at high 
speed. “What you're looking at is most likely 


* says Riccardo 
Alain 


ry Commission. 


the result ofa tidal encounter 
Giovanelli of Cornell University. Pie 
Duc of the French Atomic E 


in Saclay has used a computer to show he ean 
model the collision, 

Davies says he claims only that 
VIRGOHI 21 could be a dark galaxy 
Disney goes further. “Ifyou try to 
model it as tidal debris, you can’t” he 


‘When you look att the simula- 


tions in detail, they do not work.” Such, 


pronouncements elicit grumbles 


This is not true and it’s not fa 
Brent Tully per at the L 
versity of Hawaii, Manoa, “There are 
referees [for the paper] in this room: 


says 
an astrono 


Iwasa referee—and I'm sorry, but you 
didn’t convince me 
Regardless of whether VIRGOHI 21 


is a dark galaxy, closer to home the 


missing satellites problem appears 
than it did a few 


slightly less alarmin 
years ago, Astronomers keep spotting 
new dwarf galaxies on the periphery 


of the Milky Way, narrowing the gap 


«ween the number predicted and the 
number observed. The Sloan survey 
which covers a fifth of the sky. has 
identified $1. reports Eva Grebel of the L 
versity of Heidelberg in Germany. Using 
Sloan data and the Keck II telescope in 
Mauna Kea, Hawaii, Marla Geha of the 
Herzberg Institute of Astrophysics in 


Victoria, Canada, and a colleague found 
Addit 


at least eased” Geha says, 


these in, the problem is 


“More and more of 
Grebel predicts, 
ly not enough to solve the missing 
She estimates that 
astronomers still see only 1/5 as many small 


Eased but not solved. 
these objects will be found, 


but “proba 


satellites problem. 


valaxiesas the dark-matter simulations predict 
That s 

galaxies out there 

continue to look for the 


rests there are lots of truly dark 
Astronomers will surely 
After all, a dark, 
axy would shine new light on the universe 

lory upon its discoverer. ~ADRIAN CHO 
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PERSPECTIVES 


edited by Etta Kavanagh 


Genetics and The Sopranos 


THE SOPRANOS, THE WIDELY VIEWED HBO TELEVISION SERIES POR: 
traying contemporary Mafia life in New Jersey, recently aired its final 
episode, Future critics of popular culture who look back on The 
Sopranos years from now may especially appreciate its relatively 


relative roles of heredity 


ind envire inhuman 


behavior can be examined 


through the attention paid 


n this series to 
themes and discussion of 


sophisticated tr netic themes, 

By mye 
dialogs about g 
kids—you must be proud... yeah, yeah 
Even with our genes.") to dinnertir 


iment of 


of nucleotides in a chromosome, to the f 


work area? 


there's nothin, 
The 
ead character Tony Sopr 


grenetic basis of panic attacks in Tony’s far 
sultfered fir and that h 

putrid, rotten [expletive] Sopranc 

Most people derive their knowled 

culture (/). The Sopranos, therefore. 1 


genetic literacy of millions of viewers. Central questions about the 


ihe 86 episodes aired since 1999 include 20 explicit 
¢ from the « 
how about that huh?, 
‘conversation about 
rensic ( 
no more of that: DNA.") and the dramatic ("My God: 
holding us together but DNA!" 

post in-depth discussions about heredity occur between the 
nd his psychiatrist concemnin 
ly when he discovers that 


mical (“Two beautiful 


he number about suicide, crimin 


ut him up in the — sexual preference, subs 
abuse, and reprodu 
cloning. As The Sop 


takes its place in the 


the genetic diale 


revealing insights, 


son does, too (“He has that 


Biology Department, Side 


of genetics from popular 


idy shaped the Reference 


depression, panic attacks. 
and attention deficit disor- 
der, as well as discussions 


clude 


lity 
snnce The nuclear Soprano family... celebrating 
.ctive an interesting genetic heritage? 


history of American popular culture, its use of 


in the long nun, be recognized as one of its most 


BERNARD P. POSSIDENTE JR. 
ore College, Saratoga Springs, MY 12866, USA 


1, 8 Bates, Public Understand. ci. 14, 47 (2008), 


A Less Pessimistic View of 
U.S. Science Funding 


REGARDING }. M. GENTILE’S LETTER "KEEPING 
the U.S. a world leader in science” (13 July, 
p. 194), readers would do well to examine my 
entire address to the AAAS Science Policy 
Forum (available at wwwostp.gov). 


In my talk, I expressed alarm that the 
nation’s research capacity in some fields is 
rch support 
that have persisted over four decades. Iti sim- 
the United States has 
world leader in science 


outpacing trends in federal res 


ply not the case t 
begun to stumble as 
and technology” or that researchers have been 
“left high and dry by flat federal funding.” We 
continue to outspend and outperform all other 
‘major economies in research, and R&D fund- 
ing has grown by 56% (from $91 billion to 
$143 billion) since 2001 (/). 1 certainly agree 
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with Gentile that the capacity exists 10 do 
more, and that is the point. In contrast to the 
I discretionary budget, whose limits are 


increasingly constrained by mandated pro- 


grams, priv 
and developm 
my, They currently exceed federal R&D 
bya factor of more than two (2). Research uni- 


versities and other institutions are already 
forming innovative partnerships with state 
and private-sector entities to augment federal 
research funding. and this will certainly 


tinue. This is a healthy trend that should 
ed. 


be encou 

JOHN H. MARBURGER It 
Dicector, Office of Science and Technology Policy, Executive 
Office of the President, 725 17th Steet, NW, Washington, 
19 20502, USA 
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Evolution and Group 
Selection 


I WORRY THAT SOME PSYCHOLOGISTS, UNFA 
mmiliar with evolutionary biology, will be mis- 
led by J. Haidt’s account of “The new synthe: 
sis in moral psychology” (Reviews, 18 May 
p. 998). Haidt claims that whereas “[hJuman 
group selection was essentially declared off= 
limits in 1966, 
roups that develop norms, practices, and 


it is now accepted that 


institutions that elicit more group-beneficial 
behavior can grow, attract new members, and 
replace less cooperative groups” (p. 1001), 
Although it is certainly true that such things 


cemag.org 


ion that the 
-volution 


can” happen, Haidt fails to mei 
overwhelming conviction amon 


ary theorists remains that they are: most 
unlikely, since the selection differential by 
roups would have to exceed the cost 
differential experienced by self-sacrificial 
individuals within groups. 
thetorical sleight of hand, 
D. S. Wilson's group-se 
hypothesis for the evolution of religion, Haidt 
then announces—as though it were fact—that 
‘group selection greatly increased coopera 
tion within the group” (p. 1001). This is pure 
speculation, not fact, and highly controversial, 
rian speculation at that. 

In another case of substituting opinion for 
reality, Haidt proposes his “Principle 4.” 


fter 


ection 


cont 


arguing for the biological legitimacy of 
“patriotism, respect for tradition, and a sense 
of sacredness” (p. 1001), Perhaps, in the 
future, these supposed components of morality 
will be found to have genuine evolutionary 
underpinnings, but for now they seem closer 
toa political platform plank for the religious 
right; psychologists interested in achieving a 


new synthesis by applying evolutionary bio 
logy to human mo 


that just because these notions appeared i 
4 Science Review does not make the 


uuine sei 


DAVID P. BARASH 


Department of Psychology, University of Washington, 
Seattle, WA 98195, USA 


Response 
BARASH IS CORRECT THAT A SURVEY OF ALL 
evolutionary theorists would show 


deal of skepticism about group selection. 
That consensus, however, was forged in the 
1960s and 1970s on the basis of some sim- 
plifying assumptions, most notably that phe- 


hotypes are determined solely by genotypes. 
and that culture can be ignored. Models 
incorporating these assumptions showed 
that selection pressures operating at the indi- 
vidual level were almost always stronger 
at the 
jon that 


than selection pressures operatin 
group level. leading to the 
genes for apparently altruistic traits can only 
spread if those wo 


‘nesare in fact “selfish 


via one of the two mechanisms of kin selec- 
tion oF reciprocal altruism, 


But evolutionary models have become 
more realistic in recent years. Phenotypes 
. cooperator or defector) can now be 
modeled as joint products of genes, cultural 
learning, and culturally altered payof¥ matri- 
ces, When culture is included, the old con- 
sensus ed. The time 
shrinks from millennia to years (or less) as 
ups find culturally innovative ways to 


pust be reexamin me 


police themselves, to increase their pheno- 


typic hor yy. to lower the costs of 


| action, and to inerease the size of 
Just look at eBay; Its 
genius was to make the prosocial behaviors 
of gossip and punishmen 
through its feedback systems. 
em 
other auction-related groups, with= 
ic change, If we limit our 


prosoe 
the pie they then sh 


nearly costless 
The eBay 
oup that wiped 


community is an emen 


out mai 


‘out malice or 


survey of evolutionary theorists to those who 
study hum: nd who 
for the bidirectional interplay of 
netic and cultural evolution, we find the 
opposite of Ba Most such theo 
rists believe that cultural group selecti 
occurred and is occurring, and that such 


n has 


selection might well have shaped human 
's whenever culturally altered selection 
pressures remained constant locally over 


many centuries. In writing my Review, 1 
ignored the old consensus and drew instead 


on the new and exciting work of leading the- 


orists such as Richerson and Boyd (2), 
Boehm (3), Fehr (4), Henrich (5), Maynard 
Smith (6), and Wilson (7), all of whom 
believe that natural selection works at multi- 
ple levels, including the group level. 

As for Barash’s final point about conser- 
vative morality, I do not believe that descrip- 
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VOL 31: 


tive biology confers normative legitimacy. In 
my Review, | identified some areas of moral 
life that are highly elaborated in most cul- 
tures, but that are disliked by political liberals 
and dismissed by moral psycholog 
gested that evolution may have shaped our 
intuitions about in-groups, authority, and 
purity, just as it shaped our intuitions about 
harm and fairness. If Barash believes that this 
izestion is irresponsible because it may 
hen the religious right, then he has 


sts, I uy 


trated the danger of moralism in sci 
ence and has inadvertently illustrated all four 
‘of the principles that I proposed as compris 
ing the new synthesis in moral psychology 

JONATHAN HAIDT 
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CORRECTIONS AND CLARIFICATIONS 


Reports: “Direct evidence for a parietal-trontal pathway 
subserving spatial anareness in humans” by M, Tiebaut 
4e Schotten et al (30 September 2005, p. 2226), This 
study employed a neuroimaging method, diffusion tensor 
imaging tractography, to identity aronto-paietal pathway 
important for spatial amareness. On the basis of the avail 
able terature Isee, 9, J. Bossy, Les hemispheres cere 
bbraux, Neuroanatomie, Ed. (Springer, Bertin, 1992)), 
this pathaay was labeled as “superior occipito-rontal 
fasciculus.” However, futher evidence from the author's 
Laboratory (see Supporting Online Material at worm 
sciencemag.org/egicontent/ull/317/5838/597/0C1) led 
‘them to reconsider this labeling, The authors are ow con 
vinced that the pathway likely corresponds to the human 
homologous of the second branch of the superior longitu 
dinal fasciculus (SLF MW), described in the monkey brain 
bby Schmahmann and Pandya {).D. Schmahmann, DN. 
Pandya, Fiber Pathways ofthe Brain (Oxford Univ. Press, 
New York, 2006). Inthe monkey, the SLF I originates in 
the caudal inferior parietal lobe (corresponding to the 
hhuman angular gyrus) and the ocipto-paretal area and 
1wojects tothe dorsolateral pretontal cortex. This modifica 
tion does nat change the main point ofthe Report, that 
damage to the fronto-parietal pathways is important to 
produce neglect. On the contrary, it renders the results 
‘even more consistent withthe data reported by Doricchi 
‘and Tomaiuolo [F, Doric, F. Tomaiuolo, NeuroReport 14, 
2239 (2003), which demonstrated that damage to te SUF 
in human patients with vascular lesions correlates with the 
presence of spatial neglect. Future studies on the implica 
tion of white mater pathways in human cognition would 
greatly benefit from a stereotasc atlas ofthe white matter 
tracts in the human brain 
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NUCLEAR WEAPONS 


Just Another Bomb? 


John Krige 


6¢ war won the war, The atomic 
Rtv ig? Many sees 
roo doubt fails with this 


pithy summary of the all-important role that 
major scientific and technological break- 
throughs contributed to the deteat 
of fascism, It emerged as a coun- 


terweight to a hegemonic narrative 


that elevated nuclear weapons to fi 


B 


the decisive instrument of victory 
in World War IL, For years now, bi 
lativiz~ 


torians have insisted on n 
ing that narrative even more by 
focusing on the social context in 
which war-fighting techn 

They 
reminded us, for example, of ope 
ational analyses that helped radar succeed in 
the field and of the mighty financial and indus- 
tral resources that were needed to produce fis 


were implemented. have 


sile material, 

In Five Days in August, Michael Gordin 
highlights another important limitation of the 
ceatchph dea that the bomb ended the 
War, His fine study shows that several groups 
er 1945 were not at 


se: th 


of historical actors in sum 
all convinced of this. More to the point, he 
ves thatthe elevation of the bomb to its spe- 


cial statusasa weapon of mass destruction was, 
radually 
built after the bombs were used and the 

effects were evident. This consensus con 


the product of « consensus that was 


rative mentioned 
Gordin argues is 


gealed into the master ni 
above, Put differently, wh: 
that while there isa tendency now to place the 


emphasis on the atomic aspect of Little Boy 
nd Fat Man, at the time they were seen by 
many as just another, if more powerful, bomb. 


Gordin’s main point of access to this a 
ment isthe strategic plans of the military in th 
Pacific theater and the prep: on the 
island of Tinian for the air assault on Japan. 
Tinian is situated at the bottom tip of 


ration 


hi- 
pelago close to Guam and about 1500 miles 
from Tokyo. After US. forces captured the 
coral istand in fate July 1944, the Seabees rap- 
idly transformed it into a massive platform for 
an airassault on Japan using B-29s. Beginning 
in early 1945, hundreds of sorties were flown, 


Which reduced one Japanese city after another 


‘The reviewer is at the School of History, Technology, and 
Society, Georgia institute of Technology, 68 Chery Street 
NNW, Atlanta, GA 30332-0345, USA. Email: jonrige@ 
his. gatechedu 
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Five Days in August 


by Michae! D. Gordin 


F cities were 
pon. They were to 
serve as laboratories to evaluate in the field 
the effects of two different bomb designs 


spared for the atomic w 


and materials (only one of 
which had been previously 
ested). For the military 
red in this 
and for some scientists, the 
nic bomb was a new 


ampaign 


weapon whose full effects 
were still not known, They 
did not assume that nuclear 


‘weapons were particularly 
“special!” northat the bombs 
that they had would win the 
war. A huge fleet of over 1000 pla 
bombed Japanese targets several days after the 
aki Production plans for 
omic bombs were not halted on 9 
r ht still be 
needed t wipe out recalcitrant elements in 
J 
render negotiated by their authorities. 
The bomb did not end the war: it was the 
wanese surrender and the subsequent diplo- 
matic negotiations around the peace terms that 
finally brought an end to hostilities. The 
atomic bomb undoubtedly played an important 
role in the thinkin; nese military 
‘and the emperor. But it cannot be uneritically 
evated to the decisive fi 


destruction of 


who refused to accept the terms of sur- 


tien 


oF, as so many did 


rated” at Hiroshima, 
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Loading the Enola Gay. Litle Boy, a uranium gun-type bomb, “became obsolete from the moment it deto- 


ry of the Soviet 


incendiary bombing, the 
Union into the war hours after Hiroshima, the 
irdefenses, and the 


crippled state of Japanese 
demoralized condition of the Japanese arm) 
which could do little to halt the Sov 


et sweep 


Gordin (a historian of science at Princeton 
University) has done an excellent job in survey= 
ing the diverse views on what happened during 
those momentous five days in August 194, in 
highlighting the different meanings of the 
atomic bomb for various groups of actors atthe 
time, and in reconstructing the world of scien- 
tists, engineers, bomber pilots, and military 
planners on Tinian. In challenging again sim- 
plistic accounts of the role of atomic weapons in 
ending the war, he has not only made a valuable 
contribution to the ongoi 


2 debate on this issue, 


mportant social func 
of good historiography, He has also cut the 
round away from those retroactive reinterpre- 
tations that have inflated the significance of 
atomic weapons to the gadget that ended the 
\war—so justifying their use on a near-prostrate 
Japan to save American lives or playing down 


the significance of Japanese warcrimes.ascom- 
pared to the horror of Hiroshima, 

Gordin is right to insist that in the waning 
days of WWII many people had to work hard 
to make atomic bombs into the “special” 
weapons that would “shock” the Japanese to 
accept the humiliation of unconditional sw 
der. He is right to stress that many postwar 
reflections on the power of the bombs uncrti- 
cally assumed that they had always had the 
special quality that subsequently became the 
hallmark. However, it isone thing to argue that 
the unique nature of atomic weapons was not 
self-evident in August 1945, Itis quite another 
est, as Gordin does, that the continued 
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perception of these devices as special is as 
ambiguous as it was then. 

We now know farmore about the extensive 
dam ised by nuclear weapons and radia- 
tion fallout, not simply to individual victims 
but to the viability of society itself. We now 
have guided missiles that can deliver light, 
lethal nuclear warheads halfw 
globe in minutes rather than hours, Gordin 
rightly contextualizes and relativizes the 
boundary between atomic bombs as conven- 
tional and as special weapons at the dawn of 
the nuclear age. But we cannot reasonably 
extrapolate from that period to today. Fission 
and fusion bombs are very special weapons, 
and toallow otherwise isto open a space foran 
ideological and political agenda that seeks to 
Justify their use now on the grounds that they 
‘are just another bomb, 
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NUCLEAR WEAPONS 


Moving Toward 


Security 
Christopher F. Chyba 


ince 1940, the United States has spent 
Ss six trillion dollars on its nuclear 

weapons program (/). Its arsenal still 
contains about ten thousand nuclear war- 
hheads—deployed and in reserve—and Russia 
has half again as many (2). Many hundreds 
more warheads exist in the arsenals of Great 
Britain, France, China, India, Pakistan, North 
‘What is the point of these 


During the Cold War, the United States had 
despite controversies over total warhead num- 
bers and particular delivery systems, a rough 
‘consensus answer to this question, The pur 
pose of strategic nuclear weapons was to deter 
nuclear attack, and perhaps other attacks, 
against the United States and its allies. In addi 
tion, battlefield nuclear weapons were avail- 
able to stop a Soviet invasion of Westen 
rope, Where NATO would find it difficult to 
stand up to the Warsaw Pact’s larger conven- 
tional forces. Deterrence was at the core of 
USS. nuclear weapons policy. but this had not 
been a foregone conclusion. It was rather a 
choice that the United States made after pro- 
posals for international management failed 
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and successive presidents ruled out preventive 
attacks against nascent Soviet and Chinese 
nuclear weapons infrastructures (3). 

Iris less clear what role nuclear weapons 
should serve today, nearly 20 years after the 
end of the Cold War (4). The US. Congress is, 
currently wrestling with decisions about 
nuclear weapons initiatives such as the so- 
called reliable replacement warhead and the 
shape of the Department of Energy’s nuclear 
weapons complex for the year 
2030, How many fission cores 
pits”) will the United States 
need to produce annually a 
«quarter century from now? Re- 
markably. Congress has been 
asked to reach decisions on 
these issues in the absence of a 

omprehensive US. policy for 
nuclear weapons, What risks 
need to be managed by these 
\weapons; what role should the 
USS, nuclear stockpile play: how should the 
size and shape of that stockpile serve U.S. 
‘grand strategy for national and international 
security; and how does this interact with 
nuclear proliferation? Directions for the 
answers to all these questions are needed if 
Congress is to responsibly shape the nuclear 
complex (5), 

In Bomb Scare, Joseph Cirincione, vis 
president for national security at the Wash- 
ington think tank Center for American Prog- 
ress, describes how we got to this point and 
suggests solutions to three of our most press- 
ing nuclear problems. Cirincione sketches the 
familiar history of how the world moved from 

nstein’s letter to Roosevelt warning of 
nuclear weapons to today’s configuration of 

ine nuclear powers. More than a history, how= 
ever. this accessible ac 
survey of the political science literature on 
why states do and do not decide to pursue 
nuclear weapons. Some very good work has 
been done on this question, and it is increas- 
ingly important to understand as the technical 
barriers to the manufacture of nuclear wea- 
pons slowly fall. Nuclear weapons policy must 
more than ever factor in these “demand-side” 
issues of nuclear profiferation. 

Although Cirincione worries about the con- 
sequences of US. nuclear weapons policy 
under the Bush Administration —be argues that 
it has had ten key failures, including spurring 
other countries’ nuclear weapons programs— 
he nevertheless concludes that there is still 
“quite a bit of good news about the prospects 
for reducing the threats from nuclear weapons.” 
This is a welcome antidote to the strange con- 
fluence of nuclear nonproliferation treaty 
(NPT) opponents and supporters who together 
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ered “one of the most successfull security pacts 
in history.” He acknowledges the challenges 
facing it but finds that “proliferation problem: 
cannot be solved one country at a ti 
Drawing on an earlier study, he anzues that 
to do so by negotiation rewards proliferators: 
to do so by regime change would bring 
bankruptcy and isolation to the United States, 
Both approaches risk encourag- 
ing nuclear proliferation (6), 
They may be needed in isolated 
instances, butthey eannot be the 
pillars of a general approach to 
the problem, 

Cirincione’s analysis comes 
just as the US, political process 
is forcing a reconsideration of 
the purpose of nuclear weapons, 
Because Article VI of the US. 
Constitution states that ratified 
treaties are the “supreme Law of the Land.” 
US. policy-makers have for decades been sub- 
ject to the NPT'S legal requirement “to pursue 
negotiations in good faith on effective meas- 
ures relating to cessation of the nuclear arms 
race at an early date and to nuclear disarma- 
ment, and ona Treaty on general and complete 
disarmament under strict and effective inte 
tional control” (7). Some of the most 
members of the U.S. foreign policy 
ment have recently emphasized this goal as 
vital policy objective (8), Bomb Scare suggests 
how to move toward this objective and why that 
movement is important to U.S. natio ty 
slobal security 
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ETHICS 


Identifiability in Genomic Research 


William W. Lowrance and Francis. Collins 


‘nomic research can now readily gen- 
tions of the human genome at levels 
of detail unique to individuals. Data can now 
be categorized with respect to disease-related 
genes and linked to clinic nd social 
data, [dentifiability, the potential for such data 
tw be associated with specific individuals. is, 
therefore a pivotal concern, Research, health 
care, police, military, and other DNA and 
genotype reference collections 
are growing, Members of the pub- 
lic and its leaders worry about risks 
of erroneous oF malicious identity 
disclosure 


cations; stigmatization: and/or 
discrimination for insurance, em- 
ployment, promotion, or loans, 
Tf the data are considered identi- 
ible, they may be covered by 
informational or genetic privacy 
laws, with implications for consent 
and other rights. They may be e 
ered by human-subjects regula 
tions, with implications for over 
sight. Controlled, conditional release 
may be required for the data as 
opposed to open public rel 
These can all be obstacles to the 
conduct of health-related research, 

In the United States, personal 
data used in health care andor 
research are protected by the 
Common Rule on Protection of 
Human Subjects (/), and the Privacy 
Rule under the Health Information 
Portability and Accountability Act 
(HIPAA) (2-4), They are also pro- 
tected by state and other federal laws and 
ulations. In the European Union (5), informa- 
tional privacy is protected by national laws 
that implement the Data Protection Directive, 
suich as the UK. Data Protection Act (1998), 
Most other countries have similar kaw 

How these laws apply specifically, and 
how adequate they are in the genomic 
research arena, is not entirely clear, Protection 


nase. 
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of privacy was among the issues examined by 
the National Institutes of Health (NIH) in a 
recent public consultation (6). 


New Modes of Data Flow 

Until recently, most genomic research used 
dats and biospecimens obtained fairly 
directly. from the data subjects themselves or 
clinical repositories or specialized research 
collections, This will continue, as it has many 


Further scent eet 
Farther consent? 
furber as een? 
‘scone review? 


Ga=r=D 


advantages. But now, in efforts to increase the 
range and quantity of data, large-scale 
research platforms are being built that assem- 
ble, onzanize, and store data, and sometimes 
biospecimens, and then distribute these to 
researchers (see figure). The advantages of 
such platforms, in addition to scale, ar 
they can be a robust staging-point for sc 
ing data quality, fostering uniformity of data 
format, and facilitating analysis. Some 
platforms accumulate data directly (as the 
Framingham Heart Study does): others 
assemble them from a variety of sources (as 
The Cancer Genome Atlas. the Genet 
Association Information Network, and the 


Genomic data are unique to the 
individual and must be managed 
with care to maintain public trust. 


Wellcome Trust Case Control Consortium do 
and U.K. Biobank will) (7). Among the design 
and governance issues are whether and how to 
dde-identify the data and at what stages to con- 
duct scientific and ethics review 

These new data flows, zenomewide a 
ses, and novel arrangements such as the 
Informed Cohort scheme recently proposed 
by Kohane ef af, (S) are relatively uncharted 
territory with respect to human subjects and 


privacy considerations, Precedent 
doesn’t provide sufficient guidance, 
For example, the Human Genome 
and HapMap Projects have geno- 
typed DNA from only a few hun- 
dred carefully selected people 
who prospectively consented to the 
lysis and to open publication 
after thorough explanation, discus 
sion, and community consulta- 
tion, The projects have been serut 
nized closely all along, But when 
the data relate to more people (by 
orders of magnitude) or to retro- 
spective analysis of biospecimens, 
then for prag 
painstaking selecti 
gotiation, and serutiny can’t wener= 
ally be achieved 


Identifiabitity and Identifiers 
Identifiability ranges from overtly 
identifiable, to potentially identi- 
fiable by deduction, to absolutely 
unidentifiable. The concept isn’t 
simple, as evidenced by the Euro- 
pean Commission’s publication 
of an elaborate “Opinion on the 
concept of personal data” in June 

2007. 12 years after passage of the Data 

Protection Directive (9), 

In egal regimens indirect identifiability is, 
as important as direct, For instance, the 
HIPAA Privacy Rule applies to “information 
that identifies an individual; or with respect to 
which there is a reasonable basis to believe the 
information can be used to identify the indi- 
vidual” (Sec. 160.103). Similarly, the UK. 
Data Protection Act applies to “data which 
relate wa living individual who can be ident 
fied—(a) from those data, or (b) from those 
data and other information which isin the pos- 
session of, oris likely to come into the posses- 
sion of, the data controller” [Sec. 1.1-(1)]. If 
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data aren't identifiable they shouldn't be con- 
sidered “personal,” and a variety of rights and 
‘obligations that apply to personal data may not 
be relevant, 

Three sorts of identifying factors can be 
distinguished: demographic or administrative 
lags (€.8., name, social security number, 
mail address, hospital name, postal code): 
‘overt descriptors (¢.g.. gender, eye color, 
height, blood type, sears, asthma); and indi- 
rect clues (e.g.. medication use, number of 
children, spouse's occupation, circumstances 
‘of emergency-room admission). Whether par- 
ticular bits of data alone or in combination 
should be considered sufficient to identify a 
person is a matter of judgment. Much may 
depend on whether partial identifiers can be 
linked with identified or identifiable data in 
public or other database 

The HIPAA Privacy Rule illustrates the 
practical challenges. For data to be considered 
adequately de-identified and therefore not 
subject to its provisions, a number of deserip= 
tors, which it lists, must be absent [Sec 
164.5 14(B8)(2)] (7). The list contains identi- 
fiers thatare linked fairly directly to name and 
address, such as medical record numbers or 
hospital discharge dates. Knowing a few ele- 
ments on the list may or may not allow identi- 
fication, and even knowing a person-unique 
fact such as social security number allows 
identification only if it can be traced to the 
person through some other soure 


Identifying Through Genomic Data 
Matching against reference genotype. The 
number of DNA markers such as. single- 
nucleotide polymorphisms (SNPs) that are 
needed to uniquely identify a single pe 
small; Lin ef af, estimate that only 30 to 80 
SNPscould be sufficient (/0). Thus, such data 
‘can be used, with high certitude, to confirm 
that two samples come from the same person: 
\whether this ean identify anybody in the usual 
sense depends on whether the reference data 
are personally identified. 

Collections that ean be used for matching 
continue to grow. Identified biospecimens, 
from millions of people are held by criminal 
{justice systems and armed services (11,12). 
Biospecimens and a growing number of 
genomic analyses are held by health-care, 
public health, and health research institu- 
tions. To be clear, the risk is not that a match 
might be found but that a de-identified data 
set will become linkable to a specific person 
the matched data set contains per- 
sonal identifiers, 

Linking to nongenetic databases. A second 
route to identifying genotyped subjects is 
deduction by linking and then matching geno- 


type-plus-associated data (such as gender, 
age. or disease being studied) with data in 
health-care, administrative, criminal, disaster 
response. or other databases (10, 13,14. There 
is no shortage of public and commercial data- 
‘bases about people’ lives, especially in the 
United States. If the nongenetic data are 
overtly identified. the task is straightforward . 
Even if such data are not fully identified, 
inferential narrowing-<down may be possible. 
Statisticians have many techniques for identi- 
fying data subjects from partial data (15,16). 
Profiling from genomic data, A number 
of physical attributes ean now be inferred 
from DNA analysis, such as gender, blood 
type, approximate skin pigmentation, and 
winifestations of Mendelian disorders. 
Reliability of predictions will likely increase 
regarding height or other aspects of skeletal 
build, hair color and texture, eye color, and 
‘even some cranioficial features. Soon many 
chronic disease susceptibilities will be pre- 
dictable and, before long, some behavioral 
tendencies will be. In 5 to 10 years, many 
attributes will be profilabl 


Tactics for De-identifying Genomic Data 
Limiting the proportion of genome released. 
The first option is to release only limited seg- 
ments of genomes, such as sequence traces or 
a few variants, along with minimum neces- 
sary phenotypic or other data, But “how 
much” is sufficient for identifying, by any 
route, depends on the region and extent of 
‘genome covered, the density of mapping, the 
rarity of variants, the degree of linkage dis- 
‘equilibrium, and other factors (/7). This 
makes it difficult wo develop general guidance 
‘on how much to expose publicly. 

Many projects do limit the portion of 
‘genome they release, especially if the release 
is unrestricted. Precautions can be taken, such 
as releasing sequence traces in such a sepa- 
rated manner that no individual's data ean be 
reassembled by overlaps. But releasing too- 
few SNPs or too-short snippets of sequence 

ay thwart research, 

Statistically degrading data. This is possi- 
for example, by lumping all purines and 
Pyrimidines. Unfortunately, the occurrence 
of aT instead of aC in one data cell can mean, 
the difference between disease and health. So 
for many lines of genomic research, degrad- 
ing data degrades usefulness. 

Sequestering identifiers via key-coding 
(reversibly de-identifving) (7). This is the 
method most widely used in health research. 
Administrative or other overt identifiers are 
separated from data, but a link is maintained 
between them via an arbitrary numerical 
code (/8). Held securely and separately, the 
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key allows reassociation of substantive data 
with identifiers if necessary. The key and 


responsibility for its use can be delegated to a 
trusted party: its use can be guided by agreed- 
upon criteria and subjected to oversight. 


Provision of Access to Data 

Open versus controlled release, A cultural 
habit of rapid, open release of genomic data 
has been pursued by the involved scientists 
and institutions since the beginning of the 
Human Genome Project (/9-20). There is no 
question about the research advantages of 
such principles and policies. But almost cer- 
tainly, the principles will have to be modified 
now for databases that include extensi 
genotypic information, to heighten the prote 
tion of identifiability (2/), 

Open data release, as with deposition in a 
publicly accessible Web site, is acceptable 
only if either: (i) the data are for all practical 
purposes not identifiable; or (i) consent to the 
release is ethically legitimate andis granted by 
the data subjects, or the necessity for consent 
is waived by a competent ethics body. Most 
projects now take three precautionary steps: 
sequestering the standard identifiers via key 
coding: performing disclosure risk-reduction 
(such as by rounding birth date to year of 
birth): and providing access to the de-identi- 
fied data under conditional terms, 

Terms of agreements. Data-access agree: 
ments (alternatively called “certification: 
‘or “use agreements”) cover many matter 
Legally they amount to contracts, and they 
may have to be entered into by researchers* 
institutions as well as the researchers. 

Agreements may set limitations on pur 
poses and uses, allowed users, or other mat- 
ters covered by consent, either for the whole 
dataset or for particular data-subjects, and 
may address how data will be released. They 
should refer to physical, organizational, and 
information technology security. They may 
specify who will be responsible for de-identi- 
fying data and may cover key-coding, safe 
s2uarding of the key. and criteria for use of the 
key. They should always state that research 
will make no attempt to identify nonidenti- 
fied data. They should restrict unauthorized 
passing on of data and should extend the 
‘chain of custody and the accompanying obli- 
gations if data are passed on, They may 
address linking, if linking to other datasets 
contemplated that might increase ident 
bility. Invariably they require that derived 
data on individuals be protected at least as 
carefully as the data being provided. They 
may make access contingent on Institutional 
Review Board or other ethics committee 
approval and may specify the stage(s) at 
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which ethics review should be conducted. 

Oversight. Most data-release decisions, 
including those made by curating principal 
investigators, are overseen or made by stew- 
ardship committees, This not only protects 
the data subjects, but it tends to maximize 
data sharing and to protect investigators, 
hosting institutions, research platforms, and 
funders from perceptions or acts of favor- 
itism or impropriety. 

Extremely restricted access, Examples 
are data enclaves in which certified re- 
searchers perform studies in databases on a 
special server. Because this can prevent users 
from taking away or sharing data examined 
or detailed records of the analysis, and can 
deter serutiny by coauthors, manuscript 
reviewers, or medical products regulators, 
theapproach must be used only asa last resort. 


‘Scaling to Risks 

Risks to data subjects, to data stewards, to 
researchers and their institutions, and even to 
the genomic research enterprise must be 
examined, The ease of identifying people 
from DNA or genomic data, without break- 
ing laws, should not be overstated; it takes 
‘competence, perhaps a laboratory equipped 
for the purpose, computational power, per- 
haps linking to other data, and determined 
effort. But some risks are real, Data cor- 
doned off and curated for research can be 
exposed to external view by deliberate trans- 
fer; accidental or careless release; theft: 
release under court order or law-enforcement 
demand: and release in response to freedom 
of-information (FOL) request. 

Data must be de-identified proportionate 
to reasonably expectable risks. The condi- 
tions on release should not be so burdensome 
as to retard research, but they must be bind- 
ing. Court orders must be honored, but indis- 
criminate trawling through databases should 
be discouraged, and compelled genotype 
releases should be limited tothe data actually 
needed for the investigation. 

Construal of genomic “human subject.” 
If data have been de-identified but include 
large amounts of genetic information, are the 
individuals still considered “human sub- 
jects”? The answer has important implica~ 
tions for consent, ethies review, and safe- 
guards. MeGuire and Gibbs have urged that 
“genomic sequencing studies should be rec- 
ognized as human-subjects research and 
‘brought unambiguously under the protection 
of existing federal legislation” (22), but this 
could be unnecessarily extreme. In the 
United States, the Office of Human Research 
Protections considers that data or biospeci- 
mens collected for one purpose but then key- 


coded and used secondarily for research are 
not “individually identifiable.” and therefore 
the research is not human-subjects research 
(7). This isa strong incentive to support de- 
ify data. 
ificates of confidentiality. These are 
legal assurances that the NIH and some other 
agencies can issue that “allow the investi 
tor and others who have access to research 
records to refuse to disclose identifying 
information on research participants in any 
civil, criminal, administrative, legislative, oF 
other proceeding, whether at the federal, 
state, or local level” (23). Their use deserves 
rigorous evaluation, and they may deserve 
administrative or legislative buttressin 

Sanctions against breach of access com- 
mitments. Generally the experience wil 
controlled access has been positive. But the 
robustness and enforceability of access 
arrangements will be tested by the increas- 
ing provision of data to recipients who have 
not had prior relationships with the princi 
pal investigators who collected the data, the 
funding agencies, or the centers that dis. 
tribute the data, Funders can consider 
rescinding grant support or denying future 
support, but they have less recourse against 
breaches by nongrantees, New legal penal- 
ties may be needed. 

FOI requests. Ina number of countries, 
‘most information held by government bodies 
must be made available to the public upon 
formal request. But there are limits, includ- 
ing protection against invasion of personal 
privacy. Given that genotype data, even 
though key-coded and de-identified. might 
be identifiable under some current or future 
circumstances, responses to FOL requests 
should negotiate to release only data relevant 
to the particular inquiry and to redact the 
data on individuals to reduce the risks. 

Genetic amidiscrimination laws, As 
complement to the protections discussed in 
this article, several countries have adopted or 
are considering adopting genetic anti 
ination laws. An example is the 
Information Nondiscrimination Act currently 
under consideration in the U.S. Congress, 
which prohibits discrimination on the basis 
of genetic information with respect to health 
insurance and employment (24). 


Conclusion 

A. proper balance between encouraging 
genomic research and protecting privacy and 
confidentiality of research participants will 
not be easily achieved. Only rarely will a 
completely open access model be defensible 
‘when sufficient amounts of genomic data are 
present to be unique to the individual. A vari~ 


ety of controlled-aecess models can be uti- 
lized. however, that minimally impede access 
by qualified investigators and at the same 
time keep the risk of identifying individuals 
Jow. Protection of identifiability is obliga- 
tory for maintaining the trust of our most 
important research partners, the public. 
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CELL BIOLOGY 


Proteins That Promote Long Life 


Stuart K. Kim 


he mysteries of what causes 
aging and how to extend life span 


\ 


are being tackled by applying 
evolving technologies to model org 

sms, The tiny roundworm Caenorhab= 
ditis elegans has been a powerhouse in 
this arena. A key breakthrough occurred 
in 1993, when worms with a mutation in 
the daf-2 gene were observed to lead 
active and healthy lives twice as long as 
that of normal worms (/). Since then, 
the quest to determine what makes these 
worms live so long has spurred powerful 
“top-down” genomics or proteomic ap- 


of: 


proaches in wideand unbiased sereens of Vagoued 
daf-2 nwutants, On page 660 inthisissue, R06 = 


Dong er al. (2) use mass spectrometry 
to identify quantitative differences in 
protein levels in daf-2 versus wild-type 
Worms, The changes in protein abun- 
dance not only identify potential lon- 
evity fctors, but also indicate that da 
2 may regulate a network of signaling 
pathways that both increase and de- 
‘erease life span. 

daf-2 encodes an insulin-like growth 
or receptor that regulates expression 
of a large number of target genes that 
change cellular metabolism and slow 
the rate of aging in C, elegans. Previous 
approaches to identify signaling pro- 
teins acting downstream of DAF-2 have 
used bioinformatics (3), DNA microar- 
nays (4-6), orchromatin immunoprecip- 
itation (7) to identify genes that are reg- 
ulated by the daf-2 insulin-like signaling 
pathway, These studies profiled targets 
at the transcription level. For the first 
time, the work by Dong et al. profiles tary 
ait the protein level, which are direct gene 
products. 

To identify DAF-2 signaling targets, Dong 
etal, labeled proteins in daf-2 worms with the 
stable isotope SN, and then compared the 
‘abundance of the 'N-labeled proteins to that 
of proteins from wild-type worms containing 
the normal "N isotope (see the figure) 
Peptides labeled with 'SN show a slight 
molecular shift relative to peptides labeled 
with HN. Extracts from daf-2 and wild-type 
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Relative abundance 


Revealing relevant factors. A mass spectrometry approach 
‘quantitate the abundance of proteins in a long-lived worm 
mutant (dof-2), providing clues to the organism's increased 
life span. 


young adult worms were mixed, digested with 
‘a protease, and then analyzed by mass spec- 
trometry. In the mixed sample, each peptide 
generates two peaks representing labeling 
With either #N or 5N. Ifthe two peaks are the 
same size, then the corresponding peptides 
have the same abundance in daf-2 and wild- 
type worms. Ifthe "'N peak is lager. then the 
ismore abundant in daf 
'N peak is smaller, there is less of the 
protein in daf-2. 

Inthe mass spectrometry analysis, Dong et 
al. identified peaks corresponding to a total of 
1685 worm proteins. Of these, 47 proteins had 
increased abundance and 39 proteins had 
decreased abundance in the daf-? mutant rela- 
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‘Quantitative analysis of proteins in a 
Long-lived worm reveals changes that both 
increase and shorten life span. 


© w the wild-type worm, One challenge is to 
develop more powwerfill mass. spectrometry 
approaches to identify more proteins, because 
fewerthan 10%of worm proteinsencoded in the 
elegans genome were analyzed in this study 

Dong e? al. functionally tested seven pro- 

teins for their roles in aging by using RNA 
interference (RNAi) to decrease the activity of 
the genes that encode them, All seven genes 
affected life span, indicating their importance 
as DAF-2 targets for specifying longevity 
However, the genetic results were not simple, 
‘One might expect that most of the protein 
changes in the daf-2 worm are beneficial for 
life span, in which case the 47 proteins that 
have increased abundance may slow the 
rate of aging and the 39 proteins that have 
decreased expression may accelerate the rate 
‘of aging. If so, then reducing the expression of 
the 47 up-regulated proteins in wild-type 
‘worms by RNAi should have an effect oppo- 
site to that caused by da-2 mutations, result- 
ing in rapid aging. Conversely, reducing the 
expression of the 39 down-regulated proteins 
in wild-type worms by RNAi should pheno- 
copy the effect from daf-2 mutations, result- 
ing in slow aging, Instead of these results, the 
authors found that RNAi treatment of genes 
that increase protein expression in daf-2 
worms extends life span slightly, and RNAi 
treatment of genes that decrease protein 
expression shortens fife span. Thus, the 
genetic results in wild-type worms are oppo- 
site to what might be expected on the basis of 
protein changes found in daf-2 mutants. 

A possible explanation for these findings 
is that in addition to beneficial pathways that 
extend life span, daf-2 mutations also induce 
detrimental pathways that shorten life span, 
There may be a mix of pathways in daf-2 
mutants that either increase or decrease life 
span, with the net effect being positive. In this 
cease, the seven genes tested with RNAi may 
be part of compensatory pathways, because 
the effects on fife span were opposite to those 
seen in daf-2 mutants. Another possibility is 
that daf-2 mutations cause an overall change 
in the cellular metabolic network that isresist- 
ant toage-related degeneration, The change in 
the network by daf2 mutations may consist of 
small effects on many different genes that act 
together to make the entire metabolic network 
more robust. Ifso, then it may be difficult to 
recreate the beneficial effect of daf-2 muta- 
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inactivates a single gene rather than fine-tun- 


tions by using RNAi, because this stron; 
ing many genes in the network as in daf-2 
‘mutants, 

‘Now that proteomics approaches are begin- 
ning to define molecular changes associated 
with extreme longevity, a future challenge will 
be to understand how the myriad changes 
interact to double life span in C. elegans 
c and biochemical studies can be used 


Genet 


toanalyze the role of each of the protein targets 
of DAF-2 found in this study. It should also be 
possible to combine data from gene expression 
and proteomics studies about changes in daf-2 
‘mutants. Analysis of the integrated gene and 
protein network may reveal new trends in daf- 
2 mutants that can slow aging. 
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MATERIALS SCIENCE 


Micelles Made to Order 


Mare A. Hillyer 


Car connecting two dis- 

Is results in the formation 
of a class of hybrid macromolecules 
called block copolymers (/. 2). Placed 
in a solvent in which one segment is 
soluble and the other is not, these 
nphiphitic” block copolymers will 
self-organize into supramolecular 
micelles, with insoluble cores shielded 
from the solvent by a corona formed 
by the soluble segments. The most 
common Mi ir structure consists of 
«a spherical core shielded by radiating 
corona chains, Elongated cylindric: 
micelles (3) or bilayer vesicles (simi- 
Jar to liposomes) can also be realized 
The structural and chemical diversity 
‘of block copolymer micelles makes 
them attractive for use in applications 
drug delivery, personal care prod- 


be most effective in applications. their size, 


shape, and chemical structure must be con- 
trolled precisely. Two reports in this issue 
deseribe important advances toward this, 
‘overarching goal. On page 644, Wang et al. (5) 
show how the length and chemical compo- 
sition of cylindrical block copolymer 
micelles can be controlled through a nove 
‘growth mechanism. And on page 647, Cui ef 
al, (6) demonstrate that the assembly of 
appropriately designed triblock terpolymers 
(which are made from three monomers) can 
be directed by external agents. yielding 
exquisite control over the resultant eylindri- 
cal nanostructures, 
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Novel types of micelles. Artist’ representation of the cylindrical t 

black co-micelle made by Wang eta. (Weft) and electron micrograph of 
the gold nanoparticle/black copolymer hybrid cylindrical micelle 
reported by Cui et al. (right. The formation of these intricate hybrid 
micelles demonstrates the power of block copolymer selt-asemby in the 
preparation of novel nanostructured materials 


Of the micellar structures deseribed abov 
the cylindrical variants (3) are particularly 
attractive for range of applications, for 
‘examples, as artificial tissue scaffolds (7), in 
drug delivery (8), oF to toughen cross-linked 
polymer resins (thermosets) (9). Long worm- 
like micelles formed by amphiphilic block 
copolymersare characterized by a distribution 
of lengths that is determined in part by the 
‘energetics of forming end caps(/0. 11). thas 
therefore been difficult to achieve precise 
‘control over their mean length (/2). 

Winnik, Manners, and co-workers have 
reported that block copolymers containing 
crystalline, organometallic core-forming 
blocks can form cylindrical micelles (/3). 
Wang et al. now show how the length of these 
cylindrical micelles can be controlled. They 
first prepare a set of relatively short cylindri- 
cal micelles of a block copolymer in a se 
tive solvent. They then add the same block 
copolymer, dissolved in a good solvent for 


Precise control over the molecular structure 
of cylindrical micelles yields novel 
supramolecular architectures. 


both blocks, to this micellar disper- 
sion. This method results in the 
controlled growth of the micelles: 
the more block copolymer provided 
in this second step, the longer the 
micelles become, 

The linear dependence of average 
eylinder length on block copolymer 
added is reminiscent of a living poly- 
merization, a chain polymerization 
where the average chain length is 
linearly proportional to the amount 
‘of monomer converted to polymer. 
These erystalline-core micelles prob- 
ably grow via nucleation of the free 
block copolymers at the ends of the 
eylinders. The precise control over 
the micelle length is remarkable, 
Like the “fiving” chains in a typical 
anionic polymerization, the eylindri- 
micellesare stable over long periods; when 
a fresh block copolymer supply is added, they 
grow agai 

Wang ef al. also investigated the effect of 
adding a different block copolymer (with the 
same core-forming crystalline block but a dis- 
tinct corona block) to preformed cylindrical 
micelles. The resulting “block co-micelles” 
contain a cylindrical midsection of one type. 
flanked on either end by cylindrical assem- 
blies of the other type (see the figure, left 
panel). These two-component assemblies 
reveal the power of the growth mechanism, 
Just as living polymerization paved the way 
fora diverse array of molecular architectures, 
the process described by Wang eral. will open 
the door to unprecedented supramolecular 
assemblies. 

Ina distinct approach to controlling micel- 
lar structure, Cui ef af, show that the aggre; 
tion of discrete micellar assemblies can be 
precisely manipulated by using appropriate 
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additives and controlling solvent quality. They 
show haw block copolymer micelles can be 
‘coaxed to form supramicellar assemblies with 
distinct morphologies and chemical composi- 
tions, In the specific triblock system used by 
the authors, the solvent-loving block contains 
pendant carboxylic acids that can form ionic 
complexes with amine species. Upon treat- 
ment ofa mixed aqueous/organie solution of 
these triblocks with an organic diamine, the 
authors observed the formation of spherical 
micelles, By decreasing the relative amount of 
water in the solution through the addition of 
“organic solvent, these assemblies can be made 
tocontrollably aggregate and form long multi- 
compartment cylindrical micelles, with an 
alternating lamellar structure in the cores of 
the micelles (/4, 15). The control over the 
growth process and the strikingly uniform 
striped wormlike micelles demonstrated by 
Cui et al. are extraordinary examples of how 
this tuning of the kinetic assembly of block 
copolymer micelles can be exploited. 

Cui er af, illustrate the versatility of this 
specific triblock system by replacing the 
‘onganie diamine with amine-functionalized 


gold nanoparticles. When the nanoparticles 
were added to a dispersion of spherical 
micelles formed from a related ABC triblock 
terpolymer (where A, B, and C represent 
chemically distinct segments), the micelles 
aggregated into segmented cylindrical nano- 
structures. Alternating organic polymer and 
gold nanoparticle domains formed along the 
Jong axis of the cylindrical domains (see the 
figure, right panel). In addition, Cui et al 
report that by combining ABC and A’BC tri- 
bblocks (where the A and blocks are ineom- 
patible with both the solvent and each othe 
and using similar preparation procedures, 
undulating cylindrical micelles were produced 
whose cores contained nanoscopic regions 
with alternating A-tich and A “rich domains, 
The two reports in this issue demonstrate 
how the self-assembly of block copolymer 
amphiphiles can be controlled with unprece- 
dented precision and how the marriage of 
‘organic, inorganic, and polymer chemistries 
(6) can yield fascinating new and exotic 
nanometer-scale assemblies. Control of block 
copolymer structure at the molecular level is, 
crucial to the discovery of such self-assem- 
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bled nanostructures, and future technological 
applications that use block copolymers as 
key components will undoubtedly, ben 
from these remarkable advances 
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MATERIALS SCIENCE 


Exploiting Wrinkle Formation 


Aline F. Miller 

rinkle formation due to age or 

W stretched skin is seen by many ast 
ry 


klingisjustone of many natural proc 
involve the formation of wrinkles. For exam- 
ple, plums or apples wrinkle as they become 
‘old and dehydrated, fingerprint patterns are a 
form of wrinkles that appear as early as 10 
weeks into a pregnancy, and Earth's crust 
‘wrinkles in response to plate tectonics (/). 
Wrinkles also form on much smaller 
length scales, for example, on the nanometer 
to micrometer scale in polymer films. These 
‘exquisite patterns have been exploited in the 
self-assembly of new structures and materials 
(2). have helped to explain fundamental phys- 
ical phenomena (3), and have led to the char- 
acterization of physical properties (4). On 
page 630 of this issue, Huang er al (5) exploit 
wrinkle formation of an ultrathin film on a 
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fluid surface to determine film thickness and 
elasticity 

Wrinkles form when an applied compres- 
sive force acts on a rigid skin that rests on a 
softer foundation. For example, many fruits 
have a thin outer skin that surrounds a soft, 
hydrated interior. When the fruit ages, water 
is lost from the interior. and the volume of the 
fruit decreases. Consequently, there is too 
much skin, which shrinks and forms wrin- 
les. Prunes (dried plums) provide an excel- 
lent demonstration of this phenomenon (see 
the photo). Wrinkling also occurs in a thin 
film ona thick elastic substrate when it issub- 
jected to a uniaxial compressive strain paral- 
lelto the interface (see the figure, next page). 

Huang er al. explored the wrinkling pat- 
tems formed under the capillary force exerted 
by a drop of water placed on a freely floating 
polymer film. They then used the 
wrinkle characteristics to de- 
velop a simple method to 
determine film thickness 
and elasticity. The work 
represents an exciting 
leap forward, because 


A simple method allows the elasticity and 
thickness of thin polymer films to be 
determined. 


the wrinkling of films under capillary foreesis 
relatively unexplored. Moreover, the authors 
show that the film's properties can be eluci- 
dated directly on a fluid surface, using no 
more than a dish of fluid and a low-magnifica- 
tion microscope. 

Huang eta. induced wrinkle formation by 
placing a drop of water on a freely floating 
polymer film. The resulting wrinkles, ob- 
served with a low-magnification microscope 
had two characteristic features: the number of 
‘wrinkles that emanated from the central load 
point and their length. These two parameters 
depend both on the surface tension and radius 
of the water drop and on the elastic properties 
of the film. 

To investigate the effect of each of these 
systematically, Huang et al, placed water 
drops of incrementally inereasing mass on 

films of varying thickness and recorded the 

number and length of the wrinkles 
formed. As the mass of the drop— 
and hence its radius—increased, 
both the number and the length 
of the wrinkles increased. In 
addition, as the film became 
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How thin films wrinkle. Wrinkle formation of 
2 thin film in esponsetoa uniaxial compressive 
strain, e, parallel tothe inertace. Similar wrin- 
kles form in the experiments of Huang et al., 
but in their case, wrinkle pattems radiate from 
the center ofthe load, 


thicker, the number of wrinkles decreased, 
whereas their length increased. The authors 
used these results to develop two scaling 
relationships (one for the length and one for 
the number of wrinkles), adapting arguments 
made by Cerda and Mahadevan (6, 7). Com- 
bination of these two scaling relationships 
shows that if the length and number of wrin- 
les are known from experimental measure- 
ment, the elasticity and thickness of the 
film under study can be determined by a 
simple calculation, 

To validate their method, Huang ef al, 
monitored wrinkle formation in polystyrene 
films that contained different amounts of plas- 
ticizer and thus had different elastic proper- 
ties. Theirelasticity data are equivalent to, and 


Film 


in some cases have higher precision than, pre- 
viously reported data obtained with sophisti- 
cated, time-consuming, and expensive tech- 
niques, such as stress-induced buckling and 
nnano-indentation (8). The authors also show 

that their calculated film thicknesses are com- 
parable with those obtained from their x-ray 

reflectivity measurements, 

Wrinkle formation, therefore, need not 
always be regarded as a nuisance. Lnvaluable 
information concerning the elasticity and 
thickness of ultrathin films can be determined 
simply by measuring the number and length of 
the wrinkles formed in response to a capillary 
force. The method developed by Huang et a. 
isnot only simple; in contrast to existing tech- 
niques, it also allows both elasticity and film 


thickness to be determined 
in one easy, quick experi- 
ment. Moreover, measure- 
‘ments can be made directly 
ata fluid surface. The latter 
not only eliminates the in- 
troduction of artifacts but 
also opens up the possibility of studying 
dynamical relaxation processes in thin films, 
2 matter of erucial importance for advancing 
material design and understanding the vis- 
coelastic behavior of numerous biological and 
soft materials, 
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PLANT SCIENCE 


Reproductive Dialog 


Sheila McCormick 


ertilization in higher plants requires: 
Fis signaling between the male 

and female, The molecular details 
underlying this communication are of great 
interest, not only to understand plant repro- 
duction but also to guide efforts in crossing 
plant species to generate new hybrids. On 
page 656 of this issue, Escobar-Restrepo ct a 
(J) show that cells in the female ovule express 
4 protein—a type of receptor that is widely 
known to mediate cell-cell communication— 
a for fertilization. The unknown 
be present on or 


ligand interaction could control species-spe- 
cific reproduction. 
In flowering plants, the pollen grain (male 


gametophyte) contains three cells: a vegeta- 
tive cell that will form the pollen tube, and two 
sperm cells, After release from the anther and 
landing on the stigma. the pollen grain 
extends a tube through the style, toward the 
ovule (see the figure). Within each ovule, 
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Fertilization communication. Sjvergis 
cells that attract pollen tubes express. 
FERONIA protein. A igand fom the pallen 
tube may interact with FERONIA, causing 
the polen tube to sop growing and 
release sperm cels. 


there is an embryo sac (female gametophyte), 
typically composed of seven cells: an egg cell, 
a central cell, two synergid cells, and three 
antipodal cells. The pollen tube enters the 
‘ovule through an opening (the micropyle), 
penetrates one of the synengids, and bursts, 
thereby releasing the sperm cells. One sperm 


A protein in ovule ces of a flowering plant 
recognizes the male pollen tube of the same 
species, ensuring successful fertilization 


cell fuses with the egg cell to form a zygote, 
while the other sperm cell fuses with the cen- 
tral cell to form the primary endosperm cell, 
A few years ago, two female gametophytic 
mutants, feronia (2) and siréne (3), were 
described in the flowering plant Arabidopsis 
thaliana. In these mutant plants, pollen tubes 
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‘were attracted to ovules and entered the 
micropyle, but failed to burst and release 
sperm, continuing to grow instead. This pheno- 
iy ed failed communication between 
the pollen tube and the embryo sac, but it was 
not known whether feronia and siréne affected 
the same or different components inthis dialog. 
Escobar-Restrepo ef al. now show that both 
mutants have lesions in the same gene and that 
the zene encodes an enzyme that phosphoryl- 
‘ates proteins on serine and threonine residues. 
The enzyme, FERONIA, belongs to the previ- 
‘ously uncharacterized CrRLKIL-I group of 
receptortike kinases (4), of which there are 15 
members in A. thaliana, The authors deter- 
mined that FERONIA is located in the plasma 
membrane of the synergid cells. 

Because the pollen tube ovensrowsth pheno- 
type resembled that seen after interspecies 
crosses in Rhododendron, Escobar- Restrepo ct 
al. tested whether crosses with A, thaliana vel- 
atives Would yield similar phenotypes and 
thereby implicate FERONIA in interspecies 
barriers. Indeed. crosses ofA. thaliana females 
with Cardamine flexuosa pollen or with pollen 
of'a more closely related species, Arubidopsis 
Ivrata, yielded « pollen tube overgrowth phe- 
notype. Recent studies suggest that synergid 
cells secrete a pollen tube attractant (5-7). In 
addition, an ovule already targeted by a pollen 
tube may produce a repellent to wand off addi- 
tional pollen tubes (7), Moreover, these atrc- 
tants and repellents exhibit some degree of 
species specificity (7, 8), In both siréne and 
feronia mutant plants, some ovules attracted 
more than one pollen tube (2, 3). perhaps 
because the attractant persists when the first 
pollen tube does not burst. 

Proteins involved in sexual recognition can 
show amino acid diversification in regions that 
interact with a protein from the other sex (9) as 
the proteins evolve to match each other; that is, 
‘genes with increased ratesof evolution increase 
the frequency with which incompatibilities 
evolve between closely related species. Among 
plants related to A. thaliana, the extracellular 
domain of FERONIA has more nonsynony- 
mous nu ¢ changes than the highly con- 
served kinase domain. This suzvests that the 
presumed ligand-binding region was subject to 
positive selection and that coevohution between 
FERONIA and an equivalently diverging lig- 
and could contribute to reproductive isolation. 

Escobar-Restrepo et al. propose a signal- 
ing pathway wherein ligand from the pollen 
tube interacts: vill FERONIA, causing the 
synergid 
pollen tube to stop growing and burst (see the 
figure), Much more information is needed to 
test this intriguing model, The immediate 
challenge is to identify the FERONIA ligand. 


‘There is no way to guess a priori what it might 
be; even within the LRR (leucine-rich repeat) 
receptor kinase group—the best-studied such 
group in plants—the known ligands are 
diverse (/0), Potential ligand-receptor pairs 
might be identified through screens of mutant 
plants for similar phenotypes (//) such as 
pollen tube overgrowth. Yeast two-hybrid 
sereens (12) are another option, in which the 
extracellular domain of FERONIA can be 
usedas bait for complementary DNA libraries 
prepared from germinated pollen tubes. 

It will also be important to determine 
\whether disruptions of FERON/A homologs in 
‘other species give similar phenotypes; i's, the 
pollen overgrowth phenotype may occur with 
interspecies crosses in other plant families. Itis 
intriguing that in the cross with A. fvnata, 0% 
ofthe pollinated 4. thaliana ovules showed the 
pollen overgrowth phenotype, whereas the 
‘other 50% showed normal fertilization (/), 
Indeed, interspecies crosses with A. rata are 
possible (/3). Escobar Restrepo etal, suggest 
that there might be different isoforms of the lig- 
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and in. fynia, with one allelic variant that rec- 
cognizes the A, thaliana version of FERONIA. 

FERONIA and its upstream and down- 
stream signaling partners may be the key to 
‘successful sperm discharge, If'so, then manip- 
ulating the components of this pathway might 
facilitate more promiscuous hybridizations 
than occur in nature. 
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ASTRONOMY 


Seeing Through Dark Matter 


Stacy MeGaugh 


Dark matter was proposed to explain galaxy dynamics. A modification of Newton's law of 


gravitational force may offer a better explanation, 


invisible components that astronomers 
call dark matter and dark energy. The 
astronomical evidence implicating dark mat- 
ter has been apparent fora generation (/): The 
rotational speeds of objects in extragalactic 
systems exceed what can be explained by the 
visible mass of stars and gas. This discrepancy 
hhas led to the inference that there is more mass 
than meets the eye. However, this inference 
requires that Newton's law of gravitational 
force be extrapolated well beyond where it 
was established. In addition, laboratory 
searches for dark matter have yet to bear fruit. 
This lack of corroboration, combined with the 
increasing complexity and “preposterous” 
nature of a once simple and elegant cosmol- 
ogy. leads one to wonder if perhaps instead 
gravity isto blame. 
‘Simply changing the force law on some 
lange length scale does not work (2). One 


Te appears to be dominated by 
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idea that has proven surprisingly resilient is, 
the modified Newtonian dynamics (MOND) 
hypothesized by Milgrom (3) in 1983. 
Rather than change the force law at some 
large length scale, MOND subtly alters 
tiny acceleration scale, around 10°" ms. In 
systems with gravitational accelerations 
above this scale (e. irth, the solar sys 
tem), everything behaves in a Newtonian 
sense. It is only when accelerations become 
tiny, as in the outskirts of galaxies, that the 
modification becomes apparent. 

MOND has successfully described the 
rotation curves of spiral galaxies (see the 
figure) (4). In case after ¢: 
correctly maps the observed mass 
‘observed dynamics. Why would such a 
direct mapping exist between visible and 
total mass if in fact dark matter domina 
Moreover, MOND's explicit predic 
low surface bi 
realized (5). In contrast. the dark matter par- 
adigm makes less precise predictions (6) for 
rotation curves that persistently disagree 
with the data (7). 
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One problem is that researchers have 
found it difficult to create a version of 
MOND that satisfies the well-established 
tests of Einstein's general theory of relativ- 
ity. This hurdle has now been overcom 
by Bekenstein (8), Testing Bekenstein’s 
approach is in the early stages, but init 
results look promising (9). 

Despite the observational and theoretical 
successes, the picture for MOND is not all 
rosy. Many observations purport to falsify 


expect from big bang nucleosynthesis (1). 
Perhaps the unseen mass required in clusters 
by MOND is merely these dark baryons. 
Indeed, this has happened before. For a lor 
time, astronomers thought that most of the 


nary mass in clusters was visible stars 
Only relatively recently have we come to 


ord 


all the stars in all the cluster 
F iwhed by a hot, diffuse gas 
between them. Still more baryonic 
may await discovery there. 


mass 


‘Modified gravity. The spiral galaxy NGC 6946 withits rotation curve of velocity V versus distance R from the 


center (blue circles) (14). The green lin 


isthe rotation curve computed with Newtonian gravity. The gold line 


is the prediction of MOND. In both cases, the one unknown parameter of the computation, the stellar mass 
to-light ratio, has been set tothe value expected by stellar population synthes’s models (25). MOND provides 


‘good description of the data with no free parameter. 


MOND, although often the evidence is less 
compelling than might be hoped. Perhaps 
the most serious observational challenge is 
from rich clusters of galaxies. These systems 
exhibit clear mass discrepancies tha 

MOND fails to completely rectify (/0) 
Even after application of the MOND for- 
mula, one still infers that there is as much 


unseen mass in these clusters as can be seen 
in stars and gas. Consequently, MOND 
appears to require dark matter itself 


siderable embarrassment for a theory that 


seeks to supplant the need for invisible mass. 

It is tempting to conclude that this is the 
real dark matter, some fundamentally new 
type of particle outside the highly successful 
standard model of particle physics. 
However, it might just be the result of 


another missing mass problem in extra- 
alactic astronomy: the missing baryon 
problem. Our inventory of ordinary matter 
(baryons)—the stars and gas that we can see 
directly —falls well short of the amount we 
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The need for dark matter in clusters, even 
with MOND, was dramatically confirmed 
by the colliding “bullet” cluster (/2). In this 
dicated by 


avitational 


s. This implies that the unseen mass is in 
dense objects like brown dwarfs, but not dif- 
Although this provides some clue 


as to what the unseen mass isnot, it does not 
tell us whether it is nonbaryonic dark matter 
or merely dark baryons. Moreover, although 
certainly puzzling for MOND, this case is 
also puzzling in the context of standard cos- 
mology. The collision velocities of the com- 
ponents of the bullet cluster are extraordi- 
narily high, a result much more natural to 
MOND ths jonal dark matter. 
Another result more consistent with 
MOND than dark matter is the recent obser- 
vation of mass discrepancies in tidal debris 
dwarfs (/3), These dwarf galaxies form 
from the gas extruded from disks into long 
tidal tails as the result of collisions between 


to conven 
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laxies. Because the orbits of dark 
sin disks are so different, these 
dwarfs are expected to be free of dark mat- 
ter. Contrary to this expectation, they appear 
to show the familiar flat rotation curves, 

This is precisely the behavior expected in 
MOND. In the conventional picture, how- 
ever, we are obliged to invoke dark baryons 
in the disk in addition to the nonbaryonic 
dark matter in the halo. Is far from obvious 
that this ean work, so the observations of 
Bournaud et al, (/3) may pose an existential 
crisis for nonbaryonic dark matter. 

Modern cosmology, with both dark mat- 
ter and dark energy, has many genuine sue- 
cesses. So why should MOND work so well 
describing rotation curves if, in fact, dark 
ter is their cause? We must understand 


matter and g 


this empirical phenomenology. If'it is not the 
result of modified gravity, perhaps itis sug 
estive of something about the nature of 
dark matter, 

If dark matter does exist in the form most 
ly assumed, we should see it in the 


laboratory soon, Major experiments like the 
Lange Hadron Collider and others have 
chance of detecting dark-matter particles in 
future, Moreover, measurement of a 


the ne 
neutrino mass in excess of a few tenths of an 
electron volt would falsify the structure for- 
mation paradigm of standard cosmology. 


while perhaps going some way toward provid- 
ing the missing mass in clusters with MOND. 
ardless of how these experiments play out 


there is clearly a great deal of fundamental 
physics left for us to learn, The universe may 
dark as we ima 


not be as cold an 
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RETROSPECTIVE 


Anne McLaren (1927-2007) 


Janet Rossant and Brigid Hogan 


‘on 7 July 2007 has robbed us ofa major 
leader in mammalian developmental 
biology and genetics. Not only was 
pioneer, she remained an active sciemtist 
\whose influence extended across many other 
fields. Notably, she was a preeminent interna- 
tional Figure in public policy debates around 
issues of reproductive technologies and stem 
cell research, 
Anne’s scientific career spanned more 
than 30 years, from early studies on embryo 


T: death of Anne MeLaren in England 


sane a 


transfer to her most recent work on germ cell 


development. After receiving a D.Phil. in 
1952 from Oxford University, she began her 
er at University College London, where 
she perfected techniques of embryo transfer 
in mice and demonstrated maternal uterine 
effects on embryonic patterning. This work 
was performed with her then-husband, 
Donald Michie, with whom she remained 
friends after they divorced in 1959, Sadly, he 
\was with her in the car accident that took both 
theirlives. With John Biggers, she showed for 
the first time that preimplantation mouse 
embryos cultured in adish for2 days could be 
returned to the mother's uterus to complete 
normal pregnancy. This combination of 
embryo culture and transfer enabled the 
development of human in vitro fertilization 
technologies. The media hype over the birth 
of these “brave new mice” in 19S8 also gave 
Anne her first taste of public controversy 
around new reproductive technologies. 

In 195 moved to Edinburgh to set 
up her own lab at the Institute of Animal 
Genetics, established by C. H. Waddington. 
‘There, she initiated research on a broad range 
of topics, including embryo implantation and 
chimera development. She describes this 
period of her long career as her favorite, 
when genetics, epigenetics (as defined by 
Waddington), reproductive biology. and 
developmental biology were coming together 
to s of understanding 


fine new w: 


mammalian embryonic development. Her 


classic monograph “Mammalian Chimeras.” 
Published in 1976, gives an amazingly current 
view of the power of mouse chimeras to 


1. Rossant iat the Hospital for Sick Children, University of 
Toronto, Toronte, Ontario, Canada, MSG IXB. B. Hogan is 
{in the Department of Cell Biology, Duke University, 
Durham, NC 27710, USA. E-mait: janetrossant@ 
sictkids.ca;bhogang@celbio.duke. edu 


explore a variety of biological questions. 

Anne moved back to London in 1974 
to direct the Medical Research Council 
Mammalian Development Unit. Under her 
this became one of the world’s pr 


and genetics. Many leading scientists dev 
‘oped their careers there, 
and many more, includ- 
ing us, were fortunate 
to receive Anne's men- 
torship. She was alwa 
ready to welcome visi- 

ve advice, and 
 sciemtific mat- 
ters. You were subjected 
to tough questioning, 
but in a way that led to 
more rigorous experi- 
ments and deeper in- 
sight, As many will tes- 
Anne was also ex- 
nely supportive of 
scientists struggling to work outside the mai 
stream or with few resources. Her own 
research during this time tuned to germ cell 
development and sex determination, With 
Elizabeth Simpson in the 1980s, she showed 
that the mouse gene encoding the male anti- 
gen H-Y was not related to the sex-determina- 
tion gene on the Y chromosome. This began 
a chase that led to the cloning, by the 
Goodfellow and Lovell-Badge labs, of the 
true sex-determination gene, Sry. in 1990. She 
also showed the first location of germ cells in 
the embryo, and her work inspired the deriva- 
tion of embryonic germ cell lines. 

Anne was involved in the public debate 
about the ethics of new reproductive tech- 
nologies. As a founding member of the 
Warnock Commission between 1982 and 
1984, she provided the clear scientific bac! 
ground and advice that led to the first guid 
lines around in vitro fertilization and embryo 
donation for research. The U.K. Human 
Fertilization and Embryology Authority, 
founded in 1990, remains a model for other 
countries grappling with the increasingly 
complex issues surrounding reproductive 
technologies and human embryo research. 
Anne played a major role worldwide in devel- 
‘oping guidelines in many different jurisdic- 
tions. She regarded herself as “biologist. not 
an ethicist,” yet could communicate with 
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Aleader in mammalian development and an 
active voice in the ethics of human embryology 
research is remembered. 


ethicists, philosophers, policy-makers, politi- 
cians, and the public with clarity and preci- 
sion. She believed that scientists have an eth- 
ical duty to explain their research and its pos- 
sible implications for society 
Anne’s influence did not decline after her 
statutory retirement in 1992—if anything, 
it increased. She divided 
her time between ongoing 
research at the Gurdon 
Institute in Cambridge and 
traveling the world, ad- 
vising governments. and 
learned bodies, teaching, 
and lecturing, She was ap- 
pointed foreign secretary 
‘of the Royal Society, mak- 
ing her the first woman to 
hold a leadership position 
in the society since its 
founding in 1660, She re 
ceived many awards a 
honors, ine 
ofthe British Empire in 1993: 
with Andrze) Tarkowski, in 2002; and 
most recently, the March of Dimes Prize in 


Developmental Biology, with Janet Rossant, 
in 2007. 
How did she m: this-to bean out- 


standing scientist, public educator and policy 
advisor, role model and mentor, as well as a 
highly involved mother and grandmother? We 
can only offer some clues from our experi- 
ences, She had no personal ego invested in her 
activities, but a strong sense of social respon- 
sibility and desire to see others sueceed, Anne 
relished all kinds of social interactions and 
could party long after her younger colleagues 
had faded. She loved young people. and they 
responded in kind. And she truly did not suffer 
1g, Anne traveled the world with one 
ick and never seemed fatigued. 
She also knew how to balane 
work and to be suocessfil at both, 
th, Anne was in her prime, An 
‘bration of her life in science was 
held in Cambrid 
birthday earlier this year, and it seemed she 
‘would live and work forever, Now, she would 
not want us to grieve for long. Rather, she 
‘would encourage us all to live life to the full, 
while striving for the scientific and societal 
ideals that she worked so hard toachieve. 
1.1126/cence.1147801 
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Testing Our De 


CHALLENGE THE IMMUNE SYSTEM, AND YOU MIGHT WELL INDUCE A 
vigorous response. Challenge an immunologist, and you can be confident of 
eliciting something rather similar. Indeed, our rate of progress in understanding 
the immune system has been anything but sluggish over the past few decades. This 
hhas encouraged a mood of optimism that new vaccines for infectious diseases and 
immune-based therapies for cancer and autoimmune diseases are just around the 
corner. Yet despite this brisk pace of discovery and some enticing glimpses of 
how the immune system might be manipulated. there is much that is clearly left 
to explore about its inner workings. In this special issue, we consider a selection 
of fundamental immunological questions that still test investigators, 

‘As Casanova and Abel explain (p. 617), the genetic study of human primary 
immunodeficiencies is an emerging field that is revealing surprises about our 
evolving relationship with the world of pathogens. Kioussis and Georgopoulos 
(p. 620) discuss the epigenetic rules that govern lymphocyte function and develop- 
‘ment, and. Reiner ef al (p. 622) frame some of the most pertinent issues in T cell 
fate determination. Cell biology and immunology have long been intimate part- 
ners, and Mellman (p. 625) uses the study of antigen presentation to explain how 
discoveries in basic cell biology continue to underpin our understanding of the 
immune system. Finally, Sakaguchi and Powrie (p.627) reveal just how much there 
is still to learn about the regulatory T cell and its power in preventing overzealous 
immune responses and autoimmunity. In News, Leslie (p. 614) describes how 
immunotogists have struggled to understand the purpose of mast cells, and Cohen 
(p. 612) updates the daring efforts of gene therapists to reboot the human immune 
system with cells impervious to HIV. Science's STKE focuses on some molecular 
challenges for immunologists (www.sciencemag.org/sciext/immunology07). 
Lindén describes how the adaptor protein Act! mediates interleukin-17 receptor 
signaling. Serfling et al, discuss the importance of NFAT transcription factors 
to memory lymphocytes. Finally, Wattenberg and Raben describe the negative 
regulation of various immune responses by diacylglycerol kinase. 

We are still earning about how immune cells move around the body. and in the 
research section a Report by Aufltey et al. (p. 666) describes a subset of monocytes 
that patrol the surfaces of blood vessels for damage and inflammation, contrasting 
their behavior with that of typical leukocytes, Mueller et al. (p. 670) offer up some 
intriguing evidence that lymphoid organs “close up shop” for new business during 
an immune response, by using chemokine regulation to prevent the admission of 
circulating naive lymphocytes. In research that may shed some evolutionary light on 
an ancient system, Chen et al. (p. 678 and see related News item) describe how the 
social amoeba Dictyostelium uses specialized cells akin to phagocytes in animals. 
Finally. Carmody et al. (p. 675) reveal the means by which normally potent signals 
‘mediated by the innate immune Toll-like reveptorsare placated by blocking ubiquiti- 
nation. With so much lef to discover about our immune system, there seems litle 
doubt that immunologist will find plenty to challenge them in the yearsto come. 
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Challenges in Immunology 


NEWS 


Hard cells? Ge 


Building an HIV-Proof 


Immune System 


Despite past setbacks in the field of gene therapy, several research teams 
are testing whether that strategy can provide people with immune cells 
that are more resistant to HIV or that can cripple the virus 


Except fora lucky few, everyone infected by 
the AIDS virus suffers a prolonged and inex- 


able attack that obliterates the immune 
Yes 
this destruction, But drugs can have serious 
losicities, they're costly and difficult to take 


syste “HIV drugs can stave off 


every day, and the virus can develop resist 
ance to all of them, So a small group of 


chers has long explored an ambitious 
alternative to drug therapy: introduci 
nes into the bodies of HIV-infected people 


to help fortify their immune systems, Some 


are even pursuing the option of destroying 


the remaining immune cells in an infected 


person so that new, better ones can take their 
place. Fanciful as it sounds, scientists are 
hoping to reboot people’s immune systems 
With HIV-proof cells. 

Researchers haven't made much head- 
Way with this approach, which some call 
intracellular immunization.” But more 
effective gene-therapy techniques recently 


have begun to advance a parade of novel 
strategies. They include disabling a critical 
receptor that HIV uses to infect immune 


cells, silencing the regulators that turn on 


HIV 
lab-desi 
some scientists are even using forms of HIV 


HIV with 


yed antibodies. In an ironic twist 


‘nes, and incapacitatiny 


to deliver the genes for these strat 


These are exciting times now because the 


technologies are there.” says immunolo 


ist 
Carl June, who develops HIV gene thera- 
pies at the University of Pennsylvania, 

The National Institutes of Health 
invested more than $10 million last year 


three dozen labs pursuing this pioneerin 
HIV gene-th rch. And as part of 
its Grand Challenges in Global Health ini- 
tiative, the Bill and Melinda Gates Founda- 
as committed nearly $14 millic 


rapy rese 


tion oa 
id 


who wants to engineer the 
n ultrapotent 


project headed by Nobel laureate Da 
Baltimor 
immune system to produce 
antibody against HIV 

For the most part, industry has left the 


exploration of these radical ideas to academ- 
ics. "One has to be somewhat opt 
go after this type of therapy because it is 
labor-intensive, and we don’t know all the 
rules yet,” says Jerome Zack, an immunolo- 
gist at the University of California, Los 


ic to 


317 SCIENCE 


An, 


5 (UCLA). “The field is still waiting 


to be cultivated. 
On trial 
HIV gene therapies all adhere to the same 


wchers remove blood or 
bone marrow from an HIV-infected patient, 
isolate the immune cells that HIV ta 
the blood 
introduce new genes, and reinfuse the cells 


basic principles: Resi 


ets OF 
orming stem cells that spawn them, 


(sce table, p. 613). Key distinctions between 
different labs include the viral “vectors” they 
design to shuttle in genes (a process called 
transduction) and how they culture cells to 
expand their number, Success depends criti~ 


cally on how many cells the vectors actually 


transduce and how long the modified cells, 
survive once back in the body 
Gary Nabel, a leading HIV gene-therapy 


tor in the 1990s who subsequently 


moved into AIDS vacein 


research, says the 


field's rejuvenation owes much to improve: 
ments in the gene-carrying vectors and dis- 
coveries about the molecular weak points of 
HIV. “We just know so much more now than 
we did then.” says Nabel, who heads the 
Vaceine Research Center at the National 


Institute of Allergy and Infectious Diseases 
in Bethesda, Maryland 

One of the earliest gene-therapy attempts 
to build an HIV-resistant immune system 
employs a ribozyme, a catalytic bit of RNA. 
Developed by Zack and other UCLA 
researchers in association with a Johnson & 
Johnson (J&J) division in Sydney. Australia, 
the ribozyme clips an HIV gene, taf, that the 
virus needs for replication, rendering it inca 
pable of producing new copies. Nearly a 
clinician at UCLA who collab- 


orates with Zack began a study of this 
ribozyme approach in 10 patients, all also 
ti-HIV drugs. To deliver the 
ribozyme into each patient’s cells, the 


rec 


researchers used a mouse retrovirus, 

At the usual aspect of 
the experiment was the target cell, HIV pret- 
ceremtially infects white blood cells that have 


ie. the most 


CD4" surface receptors, and researchers had 
typically focused on transducing these cells, 
The UCLA group decided that because the 
CD4* cells are mature and have a finite life 
span, it made better sense toad the ribozyme 


gene to stem cells, marked by a cell surface 
protein called CD34". that theoretically can 
produce CD4* cells indefinitely. As Zack and 
co-workers reported in the March 2004 issue 


of Human Gene Therapy. they found that the 
ribozyme-containing vector was still inside 
CD4' cells.aslongas3 years afteran infusion 


of the modified stem cells, presumably 
because they produced progeny that survived. 
The strategy looked promising enough that 
J&J moved ahead with a larger study, which 
began in August 2002 and has 74 patients 
enrolled at UCLA and other sites. 

The only other HIV gene-therapy strategy 
now in clinical trials pioneered the use of HIV 
itsell'as the vector. Whereas the mouse retro- 
virus employed by Zack and his colleagues 
only transduces dividing cells, HIV has no 
such limitation, Many in the field also con- 
tend that because lemtiviruses such as HIV 
are not known to directly cause 
cancer, they are inherently safer 
than mouse retroviruses, one of 
\which triggered leukemia in some 
children ina gene-therapy trial 
(Science, 17 June 2005, p. 1735). 

The taming of HIV begins 
by stripping the virus down to its 
bare bones so that it ean insert 
the genetic material it carries 
into human chromosomes but 
not make dangerous new copies 
of itself. VIRXSYS Corp, in 
Gaithersburg, Maryland, spliced 
into such a vector an “antisense” 
‘gene that stops HIV from making 
its crucial envelope protein. (The 
RNA strand made by this gene 
‘complements the messenger RNA 
for the protein and prevents its 
translation.) Once integrated into 
‘an immune cell's DNA, the anti- 
sense gene should prevent any 
normal HIV that gets into the cell 
from making new copies, 

In 2003, June and co-workers 
used this vector to transduce 
C4" T cells taken from five peo- 
ple who were failing on their anti-HIV drugs. 
Subsequently. they gave the patients a 
single infusion of the modified cells. In 
the 14 November 2006 Proceedings of 
the National Academy of Sciences, the 
researchers report that the HIV vector, as 
expected, fir more efficiently transduced 
cells than did mouse retroviruses. Although 
the study was meant to address only safety 
and not whether the therapy worked, one 
patient had a dramatic drop in HIV levels. 
And whereas the transduced CD4* cells had a 
half-tife of less than 1 month, the researchers 
unexpectedly found signs of the antisense- 
toting vector in two patients’ CD4" cells more 
than a year after the infusions, Two separate 
clinical trials in HIV-infected people, includ- 
ing one in which participants will stop taking 


their antiviral drugs, are now evaluating mul- 
tiple infusions of the VIRXSYS vector. 

June says it may turn out that multiple 
infusions aren’t necessary. In the first trial, 
they found evidence that an infected person's 
‘own “wild-type” HIV could “package” the 
vector and carry it to uninfected CD4° cells, 
possibly expanding the number of protected 
cells and extending the durability of the ther- 
apy. “Potentially, you could infuse a limited 
number of transduced cells that could infect 
their neighboring cells in vivo,” says June. In 
most gene-therapy studies, mobilizing a 


retroviral vector like this would raise stag 
xgering safety concerns, but for whatever rea- 
son, and unlike other retroviral vectors, HIV 
integrates its genes at spots on human chro- 
mosomes unlikely to trigger cancers. (The 
lymphomas often seen in AIDS patients stem 
from general immune suppression.) 


Tomorrow's front burners 

A new generation of sophisticated therapies 
designed to HIV-proof the immune system 
promises to enter the clinic soon. For exam- 
ple, June, working with Sangamo Bio- 
Sciences in Richmond. California, later this 
‘year plans to start trials in 12 HIV-infected 
people of gene therapy designed to endow 
immune cells with a genetic mutation that 
protects them from HIV. 
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To infect immune cells, HIV must first 
bind to chemokine receptors. Researchers 
discovered in 1996 that people who had a nat 
urally occurring mutation in their genes for 
‘one of these, CCRS, were strongly protected 
from developing AIDS—or even becoming 
infected in the first place—and suffered no ill 
effects from lacking the receptor. 

Sangamo specializes in developing 
enzymes called zine finger nucleases that can 
's, clip their DNA, and repair muta- 
23 December 2005, p. 1894). 
But for the HIV gene therapy, they've created 
a nuclease to specifically disrupt, 
the CCRS gene in the same man- 
ner as the natural mutation, In 
the new trial, researchers will put 
the zene forthis zine finger nucle- 
ase into an adenovirus vector, 
transduce harvested CD4° T cells 
of HIV-infected people, and 
infuse those cells back. June says 
this is the first gene-therapy 
experiment that aims to create a 
phenotype that’s known to confer 
disease resistance, 

A single infusion of these 
transduced cells will, at be 
‘only protect a small fraction of 
the body's CD4" cells. But a 
xene-therapy approach could 
have a much greater impact if 
scientists instead transduce the 
stem cells that make CD4° cells 
and “condition” the existing 
immune system to make “space” 
for those stem cells. 

‘Toward that end, Donald Kohn 
at Children’s Hospital LosAngeles 
«will use a chemotherapeutic agent 
to partially ablate the immune 
systems of children who are failing on anti- 
HIV drugs. Building on earlier work he did 
with mouse-based retroviral vectors, Kohn 
will infuse the children with their own 
(CD34° cells that he has transduced with an 
HIV-based vector to carry a gene known as 
RevM10, which produces a mutant form of 
the critical HIV protein Rev. When the virus 
infects such a transduced cell, it uses the 
wrong Rey, disrupting its replication. 

Kohn says a “home run” from this condi- 
tioning would lead the vast majority of cells 
to express the protective gene. Still, even a 
much smaller percentage of protected stem 
cells could powerfully bolster the immune 
system. “Those cells over time could amplify 
in number because they're resistant to HIV." 
says Kohn. He notes, too, that the transduced 
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cells could at a minimum leave people with 

enough of an immune system to ward off 

serious disease. 
At the nearby 


ty of Hope in Duarte, 


California, John Rossi heads a study that’s 
recently started enrolling patients in the most 


th AIDS lymphoma, a cancer of the 
lymph nodes, Rossi, John Zaia, and colleagues 
Will use various chemotherapies or radiation to 
completely destroy each person's immune sys 
tem—a dangerous procedure that is the stan- 
dard of care for that highly lethal condition. 
‘The researchers will then infuse the patients 
with their own previously harvested immune 
‘stem cells that an HI'V-based vector has trins- 
duced with three genes. The therapeutic genes 
encode a ribozyme that knocks down CCRS, 
short RNA that interferes with the virus’s abil- 
ity to copy itself, and a decoy that codes for an 
essential HIV protein and! throws a wrench in 
the viral replication machinery. “The nice 
thing is, the targets are multiple.” says Rossi, 
‘who hopes this will overcomea risk inall these 
strategies—namely, that HIV will develop 
resistance to the gene therapy. 


Instructive immunotherapy 
At the California Institute of Technology in 
asad David Baltimore has teamed up 


With immunologist Pamela Bjérkman on an 
HIV gene-therapy project that he calls 
“instructive immunotherapy.” Rather than 
bolstering the natural immune response, 
Baltimore says, “we're instructi 
immune 

This 5-year experiment lives up to its 
Grand Challenges billing with its focus on 
inventing virus-fighting antibodies. Gene 
therapists have paid antibodies little heed 
because HIV notoriously remains impervious 
to their attack. “I didn’t think we should be 
giving up on the historically most powerful 
part of the immune system.” says Baltimore. 
So he and Bjérkman are attempting to con- 
struct an antibody against HIV that’s far more 
powerful than anything naturally produced by 
the immune system, Baltimore and co-workers 
then want to use an HIV-based vector to 
transduce the gene for this antibody into 
immune stem cells. 

Baltimore originally explored intracellu- 
immunization strate he even 
coined the term—but his work now on 
instructive immunotherapy reflects a belief 
that multiple forms of gene therapies may be 
needed to defeat HIV, “I’m hedging my 
bets.” says Baltimore, 

Two years into the project, Baltimore 
says his team is making steady progress, but 


they have an added hurdle to overcome. 
They need to craft antibody genes that will 
continue to function as the CD34" stem cells 
mature into the B cells that ultimately 
secrete the antibody. Within 3 years, the sei- 
entists hope to show that this ean work in 
chimeric mice that have humanlike immune 
systems, “We're very aware that this is com- 
plicated and expensive and difficult to imag- 
ine using in the less developed world” says 
Baltimore, noting that the Gates initiative 
demands that researchers work on projects 
applicable to the world’s poor. With that in 
mind, Baltimore says they've been testing 
another strategy in mice: injecting the vector 
directly into the body to see if it will home in 
on CD34 cells, 

In the end, Baltimore and other 
researchers in the field imagine that different 
gene therapies and anti-HIV drugs will 
plement each other, And many 
in wealthy countries, dema 
therapy approach will grow as ever more peo- 
ple become resistant to the best anti-HIV 
drugs available. “With the right techniques 
and vectors, | think this can be just like what 
the Red Cross does with blood transfusions.” 
predicts the University of Pennsylvania's 
June. “Unfortunately, its going to take time.” 

~JON COHEN 


NEWS 


Mast Cells Show 
Their Might 


They are the most reviled cells in the body. 
Their meddling makes our skin itch, our eyes 
swell, and our noses stream; the 
provoke suffocating asthma 3 
thousands of people every year. In fa 
villains, known as mast cells, are responsible 
for so much suffering that some researchers 
e proposed eradicating them. 

That could be a big mistake. Over 
the past decade or so, the reputation of 
these immune cells has been turned 
around, Researchers have learned that mast 
cells are vital sentinels that orchestrate 
counterattacks on invading bacteria and 
viruses, The cells link the innate immune 
system, which deploys a standard set of 

', with the adaptive immune s 
ustomizes the body's weapons 
attacker. Mast cells even neu- 


Once dismissed as “allergy cells,” mast cells 
have proven crucial for immunity. But they've 
also shown a dark side 


tralize toxins from snakebites and bee 
stings (Seience, 28 July 2006, p. 427). 
However, mast cells turn out to be fickle 
allies. Extending the cells" disease connec- 
tions far beyond allergic reactions, recent 
studies put them at the center of multiple 


Standing guard. Nast cell rom the umbilical cord. 


sclerosis, rheumatoid arthritis, cancer, and 
atherosclerosis. “What this research tells 
you is that mast cells are key to a lot of bio- 
logical processes.” says immunologist 
Dean Metcalfe of the National Institute of 
Allergy and Infectious Diseases (NIAID) 
in Bethesda, Maryland, 

The catalyst for many of these discoveries 
was the identification of mutant mice that 
lack mast cells. A white-spotted coat on 
of these rodents first attracted geneticists 
attention in 1937. But it wasn't until the late 
1970s that Yukihiko Kitamura of Osaka 
University Medical School in Japan and col- 
Jeagues determined that the genetic defect 
responsible for the color change also short- 
circuits mast-cell development. Led by 
Kitamura and pathologist Stephen Galli of 
‘Stanford University in Palo Alto, California, 
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searchers began using the animals in the 
1¢ 1980s to probe mast-cell activity. By 
implanting these mice with lab-grown mast 
cells, scientists could finally begin to eluci- 
date the functions of the cells or parts of their 
molecular repertoire, The animals are “the 
‘only way to see if the effect [of mast cells} is 
positive, negative, or neutral,” says Galli 


The good 
Mast cells are microscopic chemical facto- 
ries. Their product line of 10,000 compounds 
includes histamines that make blood vessels 
1s enzymes such as chy- 
ul cytokines that incite 
fe immune cells, 


inflammation and acti 

These potent potions, which the cells 
often stash in saes called granules, cause 
misery for people who are sensitive to eat 
dander, ragweed pollen, and other aller- 
gens, The trouble begins when antibodies 


jutting from mast cells latch onto one of 
these substances. Once triggered this way, 
the cells dump their contents, or degranu- 
late. This outpouring can elicit responses 
that range from local irritation, such as 
stuffed noses and hives, to bodywide and 
potentially fatal anaphylaxis. Scientists 
‘once thought these woes were a side effect 
of mast cells protecting us from parasitic 
Worms, and that allergic reactions ensued 
when the cells instead overreacted to 
innocuous substances, 

That rationale for the cells’ existence sat- 
isfied few researchers because the costs 
seemed to dwarf the benefits. “Everyone 
knows that they make people itch, sneeze, 
and wheeze, but why are they there?” asks 
immunologist George Caughey of the Uni 
versity of California, San Francisco. 

A pair of papers published in Narure in 
1996 marked the turning point in the thinking 
about mast cells. One came from microbiolo- 
gist Soman Abraham of Duke University in 
Durham, North Carolina, and co-workers and 
the other from Bernd Eehtenacher of the Uni- 
versity of Regensburg in Germany and col- 
leagues. The teams were the first to test the 
bacteria-fighting prowess of mice lacking 
mast cells. Both groups unleashed internal 
infections in the animals by introducing 
teria into the peritoneal cavity. And both 
groups found that mice with mast cells could 
beat buck the invasion, whereas rodents 
devoid of the cells died. 

The findings shook up the field because 
they were the first to show that the cells were 
“life-or-death critical” for fighting infection, 

& says Caughey. 
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Further research has demonstrated that 
innate immunity depends on the mast cell 
taking on a range of bacteria and viruses. 
“It's the quintessential immunological first 
responder.” says Joshua Boyce of Harvant 
Medical School in Boston, Mast cells 
reside just about everywhere a pathogen 
might try to break in: the skin, nasal pas- 
sages, lungs, lining of the gut. Their mem- 
branes are studded with bacteria-sensing 
proteins called Toll-like 1 
Although it can gobble interlopers, a mast 
cell typically fights back by spill 

pounds such as tumor necrosis factor 
(TNF) that promote inflammation 
and lure pathogen-killing n 
trophils to the infection site. 

Researchers have also been dis- 
covering surprising subtlety in 
mast-cell responses. “The mis 

onception was that they are a 
bag of activators that goes 
pop.” says immunologist Jean 
Marshall of Dalhousie Univer- 
sity in Halifax, Canada. But 
research by her lab and others 
revealed that activated mast cells 
don’t always degranulate. They can 
dole out cytokines and other effec 
tors. giving them precise control over the 
behavior of other cells. 

Mast cells use that power to enlist the 
adaptive immune system, whose soldier 
Band lymphocytes. Before these cells join 
the battle, however, so-called helper T cells 
must rendezvous with a cell sporting a frag- 
ment, or antigen, of the invader. As Abraham 
and colleagues showed 4 years ago, mast 
ells promote encounters between anti 
presenting cells and helper T cells by indu 
ing one of the most familiar symptoms of 
infection: swollen lymph nodes. Mast cells 
that have detected a pathogen emit TNE, 
which spurs nearby lymph nodes to bulk up 
and release molecules that draw in Iympho- 
eytes. And last year, Galli and colleagues 
reported that TNF from mast cells prods one 
aantigen-presenting cell, known as a dendrit 
cell, tomakea beeline for the nodes, where it 
can mingle with T cells. “In the absence of 
mast cells, these events don’t occur, and you 
get a poor response from the immune 
tem?" says Abraham, 

Randolph Noelle of Dartmouth Medical 
School in Lebanon, New Hampshire, and 
colleagues have also implicated the cells in 
immunological tolerance, in which the 
immune system learns not to assault the 
body's own tissues. Researchers knew that 
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so-called regulatory T cells play a key rolein 
the development of tolerance by quashing 
immune attacks, but they didn’t know how. 
Last August, in an article that appeared in 
Nature, Noelle’ team showed that mast cells 
serve as enforcers for regulatory T cells, 
turning down the immune system's reaction 
to skin grafts. That an “innate” cell is so 
deeply involved in this adaptive response is, 
surprising, Noelle says. 


Loaded. Granules full of histamine and other effector 
molecules fila mast cell 


The bad 
The upside of mast cellsis bigger than anyone 
imagined a decade ago. But so is their down- 
side. Work by rheumatologist David Lee of 
Harvard Medical School, for example, indi- 
cates that mast cells help initiate sheumatoid 
arthritis. Five years nd colleagues 
reported that mice lacking mast cells don't 
develop the rode ofthis debilitat- 
ing condition (Science, 6 September 2002, 
p. 1689). In further studies, the researchers 
have found that activated mast cells pump out 
the cytokine interleukin-1, which attracts 
inflammation-inducing cellsto the joint. Mast 
cells also promote leakage of fluid into the 
joint, which allows in more self-targeted anti- 
bodies that might lead to damage by ac 
defensive proteins known as complement, 
In multiple sclerosis, mast cells m: 
worsen the disease’s destruction of the 
myelin insulation that sheathes nerves—at 
least if experiments on the rodent model of 
the condition, known as EAE, hold true for 
humans, Seven years ago, immunologist 
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Melissa Brown of Northwestern University’s 
Feinberg School of Medicine in Chicago, I 
nois, and colleagues determined that although 
EAE mice sill develop disease ifthey have no 
mast cells, the symptoms start later and are 
less severe, Brown saysshe assumed that mast 
cells in the central nervous system (CNS) 
exacerbated the illness. But in 2003, her group 
found that symptoms aren't delayed in mice 
lacking mast cells only in the CNS. The cul 
prits, Brown now suspects, are mast cells hide 
ing in the spleen and lymph nodes, where they 
could help activate self-destructive T cells that 
then travel to the CNS and target myelin, 

Rogue mast cells might also contribute to 
the developed world’s leading killer, heart 
disease, The cells infiltrate arterial gunk, 
although they are outnumbered there by 
‘macrophages and smooth muscle eetls. More 
than 20 years of in vitro experiments by cell 
biologist Petri Kovanen of the Wihuri 
Research Institute in Helsinki, Fintand, and 
colleagues link mast cells to plaque forma- 
tion and breakage, the event that triggers 
‘most heart attacks. For example, mast cells 
ight prompt flimsy capillaries to grow into 
the fatty buildup and then bleed, helping to 
‘weaken the plaque. 

Biochemist Guo-Ping Shi of Harvard 
Medical School and colleagues have now 
taken this investigation into animals. In a 
Nature Medicine article published in June, 
they report the first data on artery clogging in 
‘mast cell-deficient mice. The animals had 
been crossbred with rodents that are athero- 
selerosis-prone. Plaques in mice without mast 
cells were not only smaller than ones in ani- 
mals with the cells but also less likely to frac- 
ture, Shi's group found. The scientists pin the 
blame on proteins called cathepsins, which 
cause trouble in several ways, For instance, 
‘mast cells spur neighboring cells to release 
these enzymes, which dissolve proteins in the 
blood vessel walls, allowing additional 
smooth muscle cells o escape into the plaque. 

Mast cells can break the heart in another 
way, Last year, physiologist Randi Silver of 
‘Weill Medical College of Cornell University 
in New York City and colleagues temporarily 
cut off blood flow to rodent hearts, simulat- 
ing a heart attack. Ifthe mice had mast cells, 
their hearts were more likely to display 
abnormal rhythms—including the often- 
lethal ventricular tachyeardia—after blood 
flow resumed, 


The ugly 
Researchers have been trying to pin down 
‘mast cells’ role in cancer since the German 


microbiologist Paul Ehrlich, who named the 
cells in the late 1800s, noticed that they 


swarmed around tumors. Sometimes mast 
cells appear to oppose the growths and some- 
times to abet them. 

There are more examples of the later, Can- 
cer biologist Liss Cousens of the University 
of California, San Francisco, and colleagues 


gist Juan Rivera of the National Institute of 
Arthritis and Musculoskeletal and Skin Dis- 
ceases in Bethesda, Maryland. The result is 
multitude of varieties, each of which 
“responds to and is tailored to the tissue it 
develops in.” says Lee. Researchers are just 
beginning to probe how a mast cell's milieu 
shapes its function, 


Ally or adversary? Mast cells (arrows) take up residence in colon tumors, 


have found, for example, that skin tumors 
exploit mast cells’ proclivity for cleaning up. 
Afier an injury, mast cells release compounds 
that help dissolve damaged tissue. They also 
promote repair by, among other things. 
spurring angiogenesis. These actions benefit 
cancer cells, piping in nutrients and speeding 
growth, Indeed, 8 years ago, Coussens and 
colleagues showed in mice that the absence of 
mast cells hinders the progression of pre- 
cancerous skin growths into tumors. 

Recent results from immunologist 
‘Gunnar Nilsson of the Karolinska Institute in 
Stockholm, Sweden, and colleagues suggest 
an even more insidious partnersh 
Hodgkin’s lymphoma, a cancer in which 
abnormal immune cells multiply out of con- 
twol. The tumor cells geta jolt when the CD30 
receptor on their surface couples with a mol- 
cule on the surface of a mast cell. The inter- 
action also stimulates the mast cell, which 
releases compounds that spur inflammation 
needed for tumor growth. 

In general, mast cells have turned out to 
be more subtle than scientists expected. They 
can perform opposing functions—for exam- 
ple, igniting and quenching inflammation. 
‘And as Galli notes, mast cells sometimes 
have contrasting effects at different times in 
the same process. 

Their upbringing seems to determine 
their behavior. Unlike blood cells, which cir- 
culate and tend to be uniform, mast cells spe- 
cialize for their home tissue, says immunolo- 


Most work on mast-cell function carries a 
key caveat; The subjects were rodents. Under= 
standing of the human cells has lagged. One 
reason, says Boyce, is that “there's no such 
thing, that we know of, asa mast cell-deficient 
human.” Still, researchers are considering 
therapies that target mast cells. And that 
could be tricky. 

Turning down mast cells could leave 
patients vulnerable to infection, Turning 
them up could prompt fatal anaphylaxis. 
Nonetheless, researchers are exploring the 
possibility that allergy and asthma drugs 
directed at mast cells or their contents—even 
good old antihistamines—will work against 
other conditions, One example is eromolyn, 
at mast-vell stabilizer found in some asthma 
inhalers. Shi and colleagues are testing its 
power against atherosclerosis in mice. 
‘And last year, in the Journal of the National 
Cancer Institute, Craig Logsdon of the 
University of Texas M. D. Anderson Cancer 
Center in Houston and colleagues reported 
that the inhibitor curtails growth of mouse 
pancreatic tumors, The researchers are now 
planning a clinical trial. 

Plenty of mysteries remain about the 
Jekyll-and-Hyde nature of mast cells, But on 
the question of whether we can live without 
them, Galli says he knows where he stands: 
“If somebody told me I could have all my 
mast cells eliminated tomorrow, 1 wouldn't 
agree to that.” 


MITCH LESLIE 
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PERSPECTIVE 


Primary Immunodeficiencies: 
A Field in Its Infancy 


Jean-Laurent Casanova*?* and Laurent Abel”? 


‘A paradigm shift is occurring in the field of primary immunodeficiencies, with revision of the 
definition of these conditions and a considerable expansion of thei limits. Inborn errors of immunity 
were initially thought to be confined to a few rare, familial, monogenic, recessive traits impairing the 
development or function of one or several leukocyte subsets and resulting in multiple, recurrent, 
‘opportunistic, and fatal infections in infancy. A growing number of exceptions to each of these 
conventional qualifications have gradually accumulated. It now appears that most individuals suffer 
from at least one of a multitude of primary immunodeficiencies, the dissection of which is helping to 
improve human medicine while describing immunity in natura. 


he field of human primary immuno- 
| deficiencies (PIDs) has witnessed consid 
crable success (/, 2) since its emergence 

in the 1950s, hi 
X-linked agammaglobulinemia (3), congenital 
neutropenia (4), and severe combined immu 
hnodeticieney (SCID) (5). Its development has 
saved the lives of tens of thousands of patients 
With PIDs and other conditions worldwide and 
has given rise to ground-breaking concepts in 
immunology and beyond, The ctinical deserip- 
tion of over 200 diseases, for which more than 
100 genetic etiologies have been described, 
has provided opportunities for diagnosis and 
_genetic counseling. Morcover, an understand- 
ing of the pathogenesis of PIDs has paved the 
way for immunological interventions, with 
prooF-of:principle demonstrated for new treat- 
ments, such as immunoglobulin G replace- 
ment, bone marrow transplantation, and gene 
therapy. in patients with PIDs (/). Key dis- 
coveries in fimdamental biology have also 
emerged from the forward genetic identifica- 
of many hitherto unknown PID-causing 
genes, sich as the ubiquitous DNA-repair 
regulator AZM in patients with ataxia telan- 
wivetasia (6) and a gene expressed in the 
thymus the tolerance re 
in patients with severe a 
have probably had an even greater biological 
impact on the definition of host gene function 
in natura—ice i the setting of a natural 
ccosystem—a unique added value of studying 
the human model (8). It is commonly thought 
that most, if not all PIDs, have been described. 
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lighted by the discovery of 


On the contrary, we would argue that the 
has been a subtle but profound paradigm 
shift, revisiting the definition of PIDs and 
heralding a formidable expansion of this field 
(Table 1). 


The Expanding Universe of PID-Defining 
Clinical Phenotypes 


What is a PID? There is, quite rightly, « 


consensus that “primary” refers to a discase- 
causing genotype. However, there is a com- 


im the hematopoi 
. 4 detectable molecular or cellular 
anomaly in the blood. Such phenotypes are 
‘often quantitative, changing with the tech- 
nological means available to measure them, 
and any threshold put forward to define a 
deficiency at the population level is neces- 
sarily arbitrary. Moreover, host defense is not 
restricted to the blood. Despite these inherent 
Fimitations, PIDs have historically been defined 
and classified according to immunological 
phenotypes (9). Paradoxically, epidermodys- 
plasia verrucifonmis (EV)—a life-threatening 
inherited predisposition to warts caused by 
‘oncogenic papillomaviruses discovered in 
1946 and, as such, probably the first PID to 
bbe described —was not considered t0 be a PID 
until two EV-causing genes were identified in 
2002 (/0), de to its lack of an overt immu- 


nological phenotype. A clinical definition of 


PIDs is therefore more rigorous, and the most 
conservative definition is death due to inborn 
errors of immunity, or a threat to life, if the 
illness can be rescued by drug treatment. A 


more controversial issue is the definition of 


impaired immunity: it is sumprisingly still not 
Universally accepted that any given life-threat- 
ing infection results, by definition, from an 
nmunodeficiency, whether inherited or 
acquired (17). Life expectancy at bith did 
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not exeeed about 20 t0 25 years, mostly due to 
infectious diseases, until the end of the 19th 
century and the advent of Pasteur’s microbial 


theory of disease. This implies that most 
humans remain immunodeficient, although 


their immunodeficiency is masked by medical 
progress (/). Immunodeficiency is probably 
also common in other animal and plant 
species. In any case, given the strong epide- 
miological evidence documenting the impor- 
tance of genetic background in predisposition 
to infections, any severe infectious illness may 
be considered a potential PID-defining phe- 
notype (/1). Many other relevant clinical 
Phenotypes have been identified, including 
autoimmunity (7, 12), angioedema (/3), 
granulomas (/4), autoinflammation (15), 
hemophagocytosis (16), and thrombotic mi 
croangiopathy (17). A few PIDs also confer 
predisposition to allergy (/8) or oncogenic 
virus-induced cancers (0, 19), and other 
tumors may also be associated with certain 


PIDs (6, 20, 2/). It scoms highly likely that 
other phenotypes defining PIDs will be 
discovered in the near future, 


Toward a Single Phenotype per Patient 
It is also commonly thought that PIDs confer 
predisposition 10 multiple phenotypes 

‘multiple infections in particular-—in individual 
patients, as seen in children with ayammi- 
ilobulinemia (3), neutropenia (4), or SCID 
(5), However, following on from the example 
of EV (/0), an increasing number of PIDs are 
being shown to confer predisposition to a 
single type of infection, or a narrower range 
of infections than might be expected, in 
‘otherwise healthy patients (22), Disorders of 
properdin and the terminal components of 
complement confer predisposition to Neisve= 
ria (23), and. X-linked lymphoproliferative 
syndrome confers predisposition to Epstcin- 
Barr vinus disease (/9), More recently, disor- 
ders of the interleukin-12-interforon-y (IL-12 

IFN-7) circuit have been shown to confer 
‘predisposition to infections caused by myco- 
bacteria and, to a lesser extent, Salmonella (24), 
Similarly, disorders of the Toll-IL-1 receptor: 

nuclear factor kappa B (TIR-NF-xB) pathway 
have been shown to predispose individuals to 
pneumococeal and, 10 a lesser extent, staphy~ 
ococeal infections (25). Perhaps. the most 
striking example is that seen with disorders 
of the Toll-like receptor 3 (TLR3) pathway 
suggested by ongoing work in our lab and 
UNC-93B-IFN-«uf pathway (26), which con- 
fer a selective predisposition to herpes sim- 
plex virus encephalitis (HSE). The infectious 
phenotypes that the disorders of the 1L-12 

IEN-y, TIR-NF-xB, and TLR3-IFN-a/B path- 
ways confer in humans are much narrower 
than those of the corresponding mutant mi 
at odds with the T helper cell 1"T helper cell 2 
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(Tyl/Ty2) and TLR paradigms (8). There is 
therefore much redundancy in host defense in 
natura, nonredundant human genes 
ranging from the 
protective immunity to muhiple microbes to 
the “private” genes conferring 
nity to one pathogen, These findings are 
consistent with the earlier description of 
mutant mice with a narrow range of vulnera- 
bility (ez, mice deficient in Mxt, Nrampl, 
Ly49H1, and Tir), although these mice were 
neither challenged with many pathogens nor 
tested in a natural ecosystem (27), In any ease, 
fother PIDs have also been found to confer 
predisposition 0 a very specific autoimmune 
phenotype (7, 12), Moreover, whereas patients 
\with mutations in the FOXPS (28) or AIRE (7) 
immune genes governing peripheral and 
central tolerance display relatively broad 
autoimmunity, those with disorders of eell- 
autonomous Fas-dependent apoptosis: mostly 
present with autoimmune cytopenia (29), 
Finally, several PIDs confer a selective 
predisposition to one of several other pheno- 
types (6, 7. 10, 12-20). Thus, itis now clear 
that PIDs may underlie the occurrence of a 
ingle phenotype, including @ single infec~ 
tious disease, in otherwise healthy patients 
Furthermore, itis likely that a number of “id- 
iopathiec” syndromes: may reflect hitherto un- 
known PIDs, 


Toward Single Illnesses at Any Age 
Infections in children with PIDs are com- 
monly thought to persist constantly, to recur, 
‘or both. However, some PIDs occurring in 
infaney have been found to have a sponta- 
neously favorable outcome, with no relapse 
in most cases. Examples include IL-12p40 
and IL-I2RBI deficiency, associated with 


mycobacterial disease (24); IL-1 receptor 
associated kinase 4 (IRAK-4) deficiency, as- 
sociated with pneumococcal disease (25); and 
UNC-93B (26) and TLR3 deficiency again as 
suggested by ongoing work in our lab, asso- 
cciated with HSE, Patients with these disorders 
typically suffer from one episode of infection 
in childhood, rarely two, with no relapses 
‘occurring from the patient’s teenage years 
‘onward. Immunity to the corresponding path- 
‘ogen is therefore selectively compromised in 
childhood, but not in adulthood. In these 
PIDs, adaptive immunity to secondary infec- 
tions may progressively compensate for poor 
innate immunity to primary infection. Aber- 
natively, innate immune responses may im- 
Prove with age. These observations strongly 
Suggest that children with one or a few com 
mon life-threatening infections who respond 
to anti-infectious agents and later fare well 
may suffer from hitherto unknown PIDs. The 
possibility that inherited vulnerability in 
childhood and subsequent protection in 
adulthood in these patients results from the 
maturation of innate or adaptive 
both, may have considerable implicati 
the development of vaccination strategies. 
Conversely, some PIDs remain clinically silent 
for a long period and first manifest in adult- 
hood, forming a minor image of early-onset 
PIDs silenced in adulthood, Adult-onset PIDs 
include common variable immunodeficiency 
(30) and dominant IFN-yR1 deficiency (24). 
The late onset may reflect impaired adaptive 
immunity 10 reactivation or scondary infec- 
tion, oF exposure to microbes not encountered 
in chiklhood, although this is less likely. In any 
event, PIDs can no longer be restricted to 
chronic diseases of early onset, and the elu- 
cidation of PIDs underlying infectious and 


Table 1. Multiple paradigm shifts in primary immunodeficiencies. 


autoimmune diseases tightly associated with a 
specific age may shed light on the important 
and largely unknown mechanisms governing 
age-dependent immunit 


Toward Nonhematopoietic PIDs 

Although the clinical presentation of PIDS 
may be much narrower than initially thought 
in tems of age window and range of phe- 
notypes, the ringe of cells affected is broader, 
An absence of one or several leukocyte sub- 
sets isa hallmark of some of the most familiar 
PIDs, including agammaglobulinemia (3), 
congenital neutropenia (4), and SCID (5), A 
first hint at the involvement of nonhemato- 
poietic cells came from the Di George and 
nude syndromes, which are immunological 
Phenocopies of SCID caused by extrahem 
topoictic defects that preclude thymic dev 
‘opment (3/). Moreover, it is clear, but oft 
overlooked, that host defense requires. the 
‘of both hematopoietic and nonhema- 
topoictic cells, and some PIDs actually al 
both types of cells. For example, dyskeratosis 


associated with multiple infections, making 
the pathogenesis of some infections: unclear 
Conversely, some molecules endowed with a 
thasic metabolic function in multiple cells ap- 
pear to be particularly critical for leukocytes. 
‘These molecules include mediators of granule 
secretion, which are of particular importance 
in natural killer and T cells (/6). Other PIDs 
are associated with tissue-specitic infections 
‘with a single pathogen: this is the case For E 
in which keratinocytes fail to control the de- 
velopment of certain papillomavinuses (J), 
and HSE, in which herpes simplex virus 
replicates in the central nervous system (26), 


Primary immunodeticiencies Conventional Novel 
Patient and population levels 

Frequency Rare ‘Common 

Occurrence Familial Sporadic 

Age at onset Childhood ‘Adulthood 

Prognosis Spontaneously worsening Spontaneously improving 
Phenotype level 

Disease-defining clinical phenotypes Opportunistic infections* Other infections and 

Phenotypest 

‘Number of phenotypes per patient High Low (even single) 

Number of episodes per patient High Low (even single) 

Disease-causing cellular phenotypes Hematopoietic Nonhematopoietic 
Genotype level 

Disease-causing genes per patient ‘One (monogenic, Mendelian) A few (oligogenic, major genes) 

Mode of Mendelian inheritance ‘Autosomal and X-linked recessive ‘Autosomal dominant 

Clinical penetrance Complete Yocomplete 


Mutations 


Inherited from the parental genome 


Germ line de novo or somatic 


“Infections occurring ja patents with overt immunological abnomaiies. 


‘thrombotic microangiopathy. 


‘TAstsimmunity, allergy, vrurinduced ance, angioedema, granulomas, hemophagoqtost, autoilammation, 
‘fFor example infectious ages. SFor example, infectious phenotypes. 
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suggesting a critical, if not exclusive role for 
nonhematopoietic cells in pathogenesis. Fi- 
nally, other PIDs affect nonhematopoietic 
cells, with no detectable impact on leuko- 
cytes: for example, congenital malformations 
of the skull base confer a predisposition to 
pneumococcal meningitis (33), and both eys- 
tie fibrosis and primary ciliary dyskinesia im- 
pair mucociliary clearance, resulting in severe 
pulmonary infections (34), Other PIDs that 
affect nonhematopoietic celts will probably be 
discovered, particularly in patients with tissuc- 
specific lesions, 


Toward Common, Sporadic, and Complex PIDs 
Rarity is generally considered a hallmark of 
PIDs, despite genetic epidemiological dats 
strongly suggesting that most humans carry 
inborn errors of immunity. However, eases 
‘of Mendelian predisposition to common in- 
{ections, such as tuberculosis, have been re= 
ported (35), Moreover, some individuals display 
autosomal recessive resistance to common 
pathogens, such as Plasmodium vive, MIV-L, 
‘and norovirus, due to: mutations in the DARC, 
CCRS, and FUT2 genes, respectively. This 
ndicates that mutant alleles conferring Mende- 
n resistance may be positively selected by 
pathogens, It also demonstrates that most 
(vulnerable) individuals have bona fide auto- 
‘somal dominant PIDs with respect to these 
pathogens (22, 36). Moreover, PIDs are not 
necessarily familial, and a number of sporadic 
infectious and autoimmune illnesses may result 
from autosomal dominant PIDs. The under- 
lying mechanisms may involve the inheritance 
‘of mutations with incomplete penetrance from 
aan affected parent, as in dominant STAT deti- 
ciency (24), de novo dominant lesions in the 
‘germ Tine, sich as dominant IFN-yR1- defi- 
cieney (24), oF even somatic mutations, such 
as dominant Fas mutations in the hemato- 
poietic lineage (29). Furthermore, a more 
complex inheritance pattern may also be in- 
volved in infectious diseases, as shown by 
the HbS allele conferring protection against 
severe Plasmodium faleiparum malaria (37) 
and the two major susceptibility genes. for 
leprosy, PARKY/PICRG and LTA (38). Simitar 
pattems are observed for allergies, as reported 
for asthma and severe atopic dermatitis, for 
which several major susceptibility genes, 
inclding ADAMS3 (39) and FLG, encoding 
filaggrin (40), respectively. have been reported. 
A similar pattern has also been found for 
autoimmunity, with the human leukocyte anti- 
igen class I region having a major effect and 
other genes a more modest effect on type 
1 diabetes (42), and for granulomatous dis- 
eases, with inflammatory bowel disease, in 
Which the CARDISNOD2 (42) and IL23R (43) 
‘genes have been implicated. A common by- 
pomorphic variant of RVASEL has also been 


shown to confer a predisposition to prostate 
cancer associated with the xenotropic murine 
leukemia-related retrovirus (44). Thus, PIDs 
should not be considered to be restricted to 
the conservative notion of rare, familial, re- 
cessive, Mendelian tas, if only because there 
is no such thing as a strict Mendelian trait in 
imuliigenic organisms 


Concluding Remarks 
It is now clear that most, if not all in 
viduals, sufler from at least one PID, the 
clinical expression of which depends on 
exposure to ad hoc environmental factors, 
infectious or otherwise. Future research will 
focus on the clinical description, genetic char- 
acterization, and immunological investigation 
Of these novel PIDs. This fick! was ostensibly 
‘bom in the 1950s, after two decades of ges- 
tation (2), but remains in its infaney, with 
considerable potential for growth, What clinical 
implications might we predict in this rapidly 
expanding fiekl, beyond the improvement of 
stablished means of diagnosis and treatment 
Novel PIDs will probably guide the develop- 
ment of immunostimulatory drugs, such as 
gninulocyte colony-stimulating fictor, in pa 
tients with neutropenia (4), IFN-y in patients 
with mycobacterial diseases (24), and IFN-« in 
patients with HSE (26), The development of 
Potent and safe immunosuppressive drugs, 
such as antibodies and chemical inhibitors, 
may also benefit from the description of novel 
PIDs. One can even predict that most spe- 
cialties in human medicine will benefit con- 
siderably fom the expansion of PIDs, as 
immunity at large is central to physiology and 
pathology. because most tissues are subject to 
environmental assaults and contain myeloid 
and lymphoid cells. The field of PIDs is also 
important for immunologists, because it pro- 
Vides an opportunity for the genetic dissection 
‘of protective immunity and tolerance to self in 
the setting of a natural ccosystem. This unique 
feature of the human model is important in 
light of the natural selection of species, because 
it makes it possible to define the ecologically 
relevant function of bost defense genes most 
likely to be subject to evolutionary selection 
(1, 22). The emerging connection between 
clinical genetics, epidemiological genetics, 
and evolutionary genetics. with the definition 
‘of PIDs in this context. constitutes a new 
frontier in immunology. Together, these dis- 
ines make possible the genetic di 
fof past and present human immunity in 
‘natura, thereby shedding new light on the 
function and evolution of the immune system, 
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PERSPECTIVE 


Epigenetic Flexibility Underlying 
Lineage Choices in the 
Adaptive Immune System 


Dimitris Kioussis** and Katia Georgopoulos” 


‘Although fundamental models have emerged in recent years describing how chromatin and transcription 
regulation interface with one another in the developing immune system, the order of events and their 
biological impact are stil being resolved. Recent advances have provided a flexible, rather than static, view 
‘of chromatin regulation to reveal how both positive and negative forces work concomitantly to establish 
specific chromatin structures and regulate gene expression. The challenge will now be to explore new 
‘epigenetic models and validate them during lymphocyte development, withthe ultimate goal of unraveling 
the long-sought mechanisms that support the emerging complexity of the adaptive immune response. 


mined by a succession of gene expression 

programs and by stage-specific 
‘of classical transcriptional factors, which 
rivers inthe progression to speci 
call types (7, 2). The activity oF such call fi 
dcterining transcription fictors is ikimatly finkeat 
to dedicated chromatin modificrs that alker accessi- 
bility of lincage-pecitic gene loci and provide uli- 
mate control over this process (3), A consideration of 
the regulated development ofthe adaptive immune 
system fom a nuckar perspective must tthe into 
account the extend! potential 10 choose between 
aakemative fites that charateriays Iympboid cells, 
fiom their cates stages of development to tei ater 
specialization as immune cell types (Fig, 1). Such 
cell fate choices, acting as they do at numerous 
Precting pom, mous n'a vase yet baiocsd 
immune system and depend on the coeninated 
acquisition ofa gone expression program that favors 
‘one cell file over another. These programs are the 
result of a combination of genc-activating and wene- 
silencing events and provide the molecular “sig- 
ature” for a particular cell Fite. At cell stages 
preceding fine choices, subset of genes within a 
program may be tanscriptonally primed expressed) 
‘or poised (not expressed but readily activatable) for 
transcription, providing cells with the potenti for 
ltferentiation into altemative lineages (Fig. 1) This 
‘state of afliirs has been increasingly recognized as 
Fincage priming that & regubsed at both the tran- 
scriptional 4-6) andl epizenetic (7, 8)level. Attbese 
pre-decision stages, apparently opposing chroma- 
tin structures may coexist on a gene Jocuss but 
resolve in subsequent stages into exclusively ac 
tivating or silencing structures (Fiz 1). This type o 


L= development is utimately deter- 
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resolution may be decid atthe point of eel div- 
sion, when asymmetic disribution of regukiory 
proteins in daughter cells can lead to differential 
‘gene expression pattems (9). The retention of op 
posing chromatin structures. on lineage-specific 
‘gene loci may provide a potential at a Iater point 
for further differentiation by allowing epigenetic 
Aexibility on key diflerentiation factors. Activation 
‘oF repression of genes may be stably maintained 
through the rest of the differentiation process, oF 
they may be “flexible.” reverting to earlier states at 
Inter steps inthe pathway, 

During lymphocyte development, a cert 
set of “fixed” transcriptional decisions appears 
to coexist with flexible changes in gene expres- 
sion, For example, T cell receptor expression is 
activated at the double negative (DN) stage and 
is maintained at subsequent stages of T cell dif 
ferentiation, whereas expression of the CDS and 
CD4 co-receptors fluctuates during the develop- 
ment of cytotoxic and helper T cell lineages. 

Epigenetic flexibility may endow developing 
immune cells with their extended. potential for 
altemative effector fate choices during terminal 
diflerentiaion and may allow early progenitors 
and their late progeny to share key mokeular 
properties. For example, both primitive hema- 
topoietic stem cells (HSCs) and memory immune 
cells survive for extended periods, posibly by 
using similar genetic programs that contribute 10 
their capacity to selFrenew (10. 17). 


‘Modes of Epigenetic Regulation 
The outcome of genetic programs set up during 
Iymphocyte development is influenced in part 
by the developmentally regulated gain or loss of 
expression of nuckear factors that modulate basal 
transcription. It is also controlled by specific 
changes in chromatin structure in the vicinity of 
lineage-specific genes. Chromatin structures have 
been clssified as closed or open-permissive, de- 
pending on whether the genes included are silenoad 
for expressed (12). And a number of histone mad- 


ifications (known as histone code) have been as- 
sociated with such states (13). 

Silenced chromatin, largely heterochromatic, 
contains a number of restrictive histone mod- 
ifications, sich as met BK9, mel13K27, met14K20, 
and histone deacetylation, which allow for a higher- 
‘order packing and inaccessibility to transcription 
factors In addition, silenced chromatin frequently 
contains hypeanethylated DNA. Conversely, open 
pemiissive chromatin with histone modifications, 
such as melIBK4, meH3K36, act3, and acll4, 
contains genes that are actively transcribed! and is 
perevived to be accessible to regulators of tran 
scription. Recent studies in embryonic stem (ES) 
cells have provided evidence for a third type of 
chromatin, referred to as “bivalent,” as a way of | 
generating developmental plasticity through epi- 
genetic Mexibility (Fig. 1), This type combines 
the characteristics of both closed (mel13K27) as 
‘well as permissive (meH13K4) chromatin struc- 
tures and murks lineage-specific genes poise for 
liter lineage-specific activation (7, 8), In 4 model 
deduced from these studies, the repressive cho 
‘matin modifications keep lineage-specific genes 
in a transeriptionally inactive state, while the 
chromatin modifications keep them 
ivation once the former influence 
is removed. Conversely, removal of the permis- 
sive chromatin modifications may also allow 
the repressive chromatin, modifications to pre= 
vail, thus establishing gene silencing, Inereased 
expression of relevant transcription regulators 
during development may also aid the resolution 
‘of bivalent epigenetic structures into their respoc~ 
tive activating oF repressing states in a pemia- 
‘nent. fashion 


Epigenetic Fle 
Immune Cells? 

‘The existence of bivalent chromatin siructures and 
thir role in providing cell fate Meibilty: during, 
scmatic cel ferentiation and during development 
fof the immune system need firther exploration 
Lincagespecific genes with flexible expression are 
ebscrved throughout the Iympbiok! pathway, trom 
the earliest pre-commiment steps to the later pre= 
effector cell stages, anal these genes represent eX 
cellent candidates for testing the presence and ole 
‘of bivalent epigenetic states during lymphocyte do- 
velopment as well as maturation 10 effector ses 
(Fig. 1), For example, components of the antiboaty- 
producing machinery (eg. immunoglobulin J and 
stele tansenpts fiom the immunoglobulin heavy 
hain constnt regions implicated in immunogho- 
bulin class switching) required in terminally di 
forentiated plasma cells ane expressed in carly 
hematopoietic multipotent progenitors and ane 
temporarily repressed during carly B cell dflerent- 
ation (to be reactivated in the periphery at ater stages 
of B cell development) (/+, Similarly, in early 
thymocyte precursors that lick both CD4 and CDS 
coreceptors (DN), the genes for each co-reoxptor 
may acquire a bivalent chromatin state poised for 
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‘expression, This state would then resolve into ac- 
tivating structures at the double positive (DP) stage 
fof T coll difkrentiaion. Atier thymocytes have 
reached the DP (CD4" CDS") stage of develop 
rent, these genes may ayain become temporarily 
poised, before their fie is determined by pemna- 
rently resolving the bivalent state ina com- 
plementary fishion in mature eytotoxic (CDS) and 
helper (CD) T cells (75). It is possible that 


ay offer yet furthor examples of genetic programs 
Poked for activation and help us define their mode 
of establishment and resolution. For example, it 
ill be important to determine whether the resolu- 
tion 1a permissive or silenced state is permanent, 
for whether these can revert back to a. bivalent 
state, which may indicate restoration of previous 
Potential. This type of epigenctic regulation may 
alo explain the relative ease with which Iym- 


Fig. 1. Developmental progression from an uncommitted state and a precursor-pre-effecor state to distinct 
‘al fates from a gene expression-chromatin perspective. Four programs in gene expression (shown in 
‘compartments within the nucleus), whose combinatorial acquisition allows for distinct cell fate chokes 
(depicted by the diferently colored cell perimeters) to be made, are shown from the early tothe later steps 
‘of the pathway. The poised (not expressed but activatable) or primed (low expression) state of the genes in 
these programs is indicated by a hall-black, half-white circle representing bivalent chromatin and a dashed 
bent arrow for low oF no transcription. Activated genes are indicated by a solid white circle and a solid bent 
arrow for transcription, Genes repressed in a permanent fashion are indicated by a solid black circle and a 
block (indicated by “x") on the transcriptional arrow. Different scenarios in the resolution of poised lineage: 
specific genetic program are entertained, leading to distinct cell fate choices. Fate choices with poised 
‘genetic programs may be reversible, whereas others without such programs may be permanent. 


‘expression of eutry wore suchas GATS, Tet, 
Fas-P3, and RORgarnma, which influsnce decisions 
both in early Tell development and at ter steps of 
T helper lineage maturation (0), may also be mad- 
lated through such flexible epigenetic mechan 

‘This hand of known examples ends evidence 
fovea bronder flexibility inthe genetic programs that 
bestow Iymphoeytes with an extend diffeentia- 
tion potential. Genome-wide investigations on de- 
Velopmentally relevant cells [for example, with 
the use of chromatin immunopreipitation -ce-chip 
technology (/6, 17) in the concurrence of restic- 
tive and pennissive chromatin modifications at 
various branch points of the lymphoid pathways 


phocytes can be reprogrammed thmugh much of 
their ontogeny 10 their cer relatives within the 
hematopoivtic system the myeloid lineage. For ex- 
ample, the inappropriate inirxluction or removal of 
antagonistic Hincax-spexific transcriptional regulators 
(eg. kes of PAX-S in precursor B cells and ectopic 
expression of CEBPa in mature B cells) may al- 
Jonw activation of a myeloid genetic program that 
‘may exist ina bivalent state in these cells (18-20), 


Regulators of Epigenetic Flexibility 

‘To de, the molecular players and their imeractions 
that generate and repulate bivalent exible chroma- 
tin structures and their resolution are not well de- 
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fined. Its posible that epigenstc Hexibity may be 
brought about by the concomitant action of fime- 
ionally opposed chromatin rewulstors occupying 
the same chromosomal site, Precedence for such a 
mode of regulation is again provided in ES cells, 
‘where positive chromatin resiatoes and) members 
of the tithorax complex coexist with negative ny- 
tulatos of the Polycomb group on lineage diffonn- 
tiation genes, several of which have been shown 10 
exist in a bivaknt chromatin configuration (27) 
‘The CD4 and CDS genes fend themselves as po 
‘crt paracigs for identifying such ducting cpige= 
netic regulators during T cell development. The 
ccexisience of opposing chromatin regultors on 
the CD4 locus and its regulstory elements provides 
8 ground for Wentifying such a “bimodal” reg- 
ulstory network compared of competing activities 
and responsible for seting bivalent chromatin states 
and flexible transcriptional outcomes during devel- 
opment (22-4), 

Another example for yererating poised chio- 
sain is suggest! by the structre of the nick 
scmve remadeling and deacetylase (NuRD) comple, 
in Which the adenosine tiphosphate- dependent 
chromatin remodcler Mi2B that provides chromatin 
fhuity coexists with histone deacetylasey that are 
‘wsually asociated with repressive chromatin stuic- 
tures ( The coeaistnee of antagonistic en 
‘ymnatic activites within a. protein complex may 
cesure both proper chromatin regubition and. epi- 
genetic flexibility, The chromatin remodeler Mi-2ps 
in the NukD complex is one such potential dirt 
bimedal regulator of CD4 gone expression during 
T cell development (24, 27). A diet partner of 
Mi2B jin this NuRD-based chromatin-remodeting 
complex is Thars: a sequensepecifie DNA bine 
ing factor implicated in early lymphocyte develop 
ment (26,28, 29) tharos through its sociation ann 
ssnespecitic tasting of such a bivalent complex 
in the FSC an its immediate progeny, may confer 
lineage plasticity and the potential for differentiation 
to these cells, It would be important to determine 
‘whether such an Ikanos binnedal complex effects the 
Priming oF poising of fineawo-specitic gene expres 
son programs in the HISC and its early progeny. 

One fier challenge will be to detemnine 
whether ann! how opposing activities within & pro- 
scin complex on a given genetic locus ane regulited, 
For example, DNA bound chromatin-medifving 
complexes and their components may be amenable 
4 modifications, such as those 10 histones, that 
could inthicnce their oerall activity and, therefore, 
chromatin dyramies. Another challenge isto obtain 
more whbal view on the recruitment of such 
chromatin regulators to gene loci associated with 
lineage specific expression signatures anal deter 
the DNA binding activities or chromatin (histone 
code) platform that determines such targeting, 


‘Nuclear Compartmentalization of 

Genetic Programs 

In addition 10 the mechanisms described above, 
classical competition between opposing regulators 
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for the same DNA binding sequence ata chromo 
‘somal ste or for an established chromatin (histone 
code) domain may also determine the transcrip- 
tional activity of @ repulsed gene. In these cases, 
uctusting concentrations of nuclear factors with 
dlsparae activities during development can allow 
for a transcriptional flexibility that would obey 
muss action rules by establishing working equilib 
ria between act 
(22). Such exniibria may be moxtied not only by 
Varying the production of any particular factor but 
‘abo by regulating the rate oftheir synthesis, sabilty, 
ann degradation, as well as by sequestering the in 
dlitfeent nuclear compartments. In the later ese, 
‘gene activity could be determined by moving genes 
no nuckear compartments whore dillerent types of 
regulators predominate, Indead, the positioning of 
‘gone loci within: ruckus subslomains has emensat 
as potentially impevtant determinant of gene ac 
tivity (27, 30, 37). Genes asociated with hetew- 
chromatic regions of the nucleus (perinuclear, 
ccentiomeric chistes) seem 19 be silent. So fa, the 
association & correlative, and it & unclear whether 
the silencing precedes or is the result oF this ho 
«alization. Better characterization (composition ant 
dynamics) of such active or silencing regions will 
require the identification of molkcules responsible 
(]) for setting up the environment in these domains 
ana (i) foe the movement of zones fom one region 


fof the nucleus to another. Improvements. in 
resolution and specificity of the tools newded for 
the identification and visualization of these compo- 
nents will be one of the most formidable techno- 
logical challenges in the forthcoming years 


Concluding Remarks 

The hematopoietic system, in which cell lineage 
choices are well characterized and a. substantial 
number of transcription regubstors of cell fate ant 
their targets have been identified, provides an ex- 
cellent paradig to study the mechanisms that 
underlie lincage progression and plasticity. Initial 
steps in such studies are already identifying epige- 
netic states by which fincage priming an plastic 
are achieved! and are suggesting that the throe dis- 
cere states of chromatin may be achieved by di 
ferent mechanisms at diflerent stages in the 
hhemanopovetic Hinsaze. The ability to use altemative 
mechanisms at multiple steps during differentiation 
makes the hemstopoictic system ant impartant co 
trbutor to future research on epigactic models of 
gene reyulation in normal development and disease. 
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PERSPECTIVE 


Division of Labor with a Workforce 
of One: Challenges in Specifying 
Effector and Memory T Cell Fate 


Steven L. Reiner,’* Federica Sallusto,”* Antonio Lanzavecchia”* 


In the course of the immune response against microbes, naive T cells proiferate and generate varied 
classes of effector cells, as well as memory cells with distinct properties and functions. Owing to recent 
technological advances, some of the most imposing questions regarding effector and memory T cell 
differentiation are now becoming experimentally soluble: How many classes of antigen-specific T cells 
‘exist, and how malleable are they in their fate and in their functional state? How might a spectrum of cell 
fates be imparted to the clonal descendants of a single lymphocyte? Where, when, and how does 
pathogen-associated information refine the instruction, selection, and direction of newly activated T cells 
asthey perform their tasks indifferent locations and times? Some surprising new glimpses ahead on these 
subjects and other yet-unanswered questions are discussed. 


Pathogen attack with vigorous clonal ex- 
pansion of a selected Iympboeyte whose 
antigen reeeptor binds: microbial peptide in the 


Ss: fic immunity adapts to the threat of 
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context of self major histocompatibility molecuks. 
The culmination of specitic immunity i the gen- 
eration of effector cells that ane responsible for 
acute cfimination of the pathogen and-_memory 
cells that patrol their various tissue domains in 
search of evidence of re-atack. 

Heterogeneity isa hallmark of antigen-specit 
T calls. CDF T cells make effector choices to 
become T helper cell 1 (Thal), Ty2, o€ Tyl7 cells 
Tikewise choose to become antigen- 
specific regulstory cells (J-3) In addition to 


choice of cytokine repertoire, effector CDA T 
cals exhibit diversity in homing, such as migration 
40 peripheral nonlymphoid tissue versus transit to 
Jymiph node fallckes to promote B cell help (4) 
Hserogenxity of CDS" T cell effector gone ex- 
pression has boon described (5), although itis not 
lear whether this represents physiologically die 
tinct cell fies oF simply fluctuation in activation 
state. Memory Tells are heterogencous, with cen= 
tral memory eels that patrol secondary lymphoid 
tissues, recapitulating the surveillanee of their naive 
Progenitor, and efféctor memery cells that act as 
sentinoks standing guard at fiveine barns (6), 

‘Although the role and finction of efector axl 
‘memory subsets in protection or pathology andthe 
rature of polarizing signals required for thei dif 
ferentiation are becoming increasingly clear, there 
are sill outstanding questions that need 10 be 
addressed that relate 19 the mechanisin of T cell 
fite specification. Many of these questions 
‘with fundamental uncertainties that are common to 
many areas of blood differentiation, such as the 
extent of fate diversity, the ontogeny an lineage 
relationship between opposing and kindred fies, 
and the degree of natural and therapeutic plasticity 
at different stages of differentiation 


“One Cell, One Fate” Versus 

“One Cell, Multiple Fates” 

Signaling and transcription during T cell activa- 
tion have traditionally been viewed as a uniform 
process, Any given naive precursor cell could be 
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signaled in a unique manner, giving rise to ho- 
mogeneous progeny. tn this “one cell, one fate” 
model, heterogeneity in cell fite can be accom- 
modated by recruitment of several clones, leading 
10 diversity at the population level (Fig. 1). This 
might occur, for instance, in different anatomic 
‘zones of at dillering time points during the im 
une response if stimulatory conditions change 
due to decreased availability of antigen, decline 
in antigen-presenting cell function, and increased 
‘competition among antigen-specific T cells (7). 
(Clonal selection during an immune response i, 
‘of necessity, intimately associated with coll divi- 
sion, The possibilty exists, therefore, that one cell 
‘colt be signaled in suck a way tha i wives rise to 
daughter cells with identical antigen receptors that 
adopt different fates, In a “one cell, ati fates” 
model (Fig. 1), the challenge is to determine the 
mechanism thit generates heterogeneous progeny 
and whether the process is dctemninistic or 
stochastic, In any model of heterogeneity, mone 
‘over, itis important to determine whether an ob 
served change in a cell or its progeny relates to a 
transition in fie (inheritable differences) or simply 
‘an aleration in ts functional state (stable or unstable 
Variation within a single fite). For example, Tht 
cells that secret intereukin-10 (IL-10) inv a pro 
Visional manner in onder to establish some control 
‘over inflammation may represent an altered state 
‘of Ty activation rather than a distinct cell fit (8). 


‘Asymmetric Celt Division and Strength 
of Stimulation 

A deterministic mechanism to generate heteroge- 
nity, calla! asymmetric cell division, ha recently 
been proposed as an explanation fr achieving fate 
diversity in the dayeliter cells (9). On the basis of 
maging studies it appears that a nave Tell has a 


Eary/Active OC 


LatefExhausted DC 
Multiple precursors, 


Fig. 1. Alternative models for generating heterogeneity of T cell fate during the immune response. In 2 “a one 
‘ell, one fate” model (eft, eo naive T cells receive distinct signals 
having different states of maturation, The alternative signaling will independently elit effector and central 
memory differentiation (center). Alternatively, in a “one cell two fates” model (right), a single naive T cell might 
undergo an asymmetric cell division, resulting in daughter cells that will give rise to different fates (enter). 


prolonged interaction with the dendritic cell (DC) 
‘before its frst division (70). This sustained contact 
at the kel of the immunological synapse appears 
to coordinate the plane of cell division and the 
unequal partitioning of fate-dtermining protcins 10 
aughuer cells (9) (Fig. 1). Accordingly, the first 
daughuer T cells coukl represent effector: and 
memory-fated daughiers. The daughter proximal 
to the synapse may become signaled more 
strongly such that it adopts a terminally differ 
centiated effector fite characteristic of efsctor and 
ceflictor memory T cells, whereas the daughter 
distal wo the synapse may remain in an interme 
diate stage of diferentiation, which is characteristic 
of the central memory T cell lincags- 

The extent and nature of mine T cell diflor 
‘entation are determined by the quantity and quality 
Of stimulation, including concentration of antigen, 
cestimubory molecules, and cytokines, as well as 
the frequency of responding T cells and density of 
antgen-presenting DCs (1). As a function of the 
strength of stimulation, rive T cells progress 
through icrachical thrshokks for proliferation, 
acquisition of responsiveness to homeostatic ey- 
tokines, and differentiation 1 effector cells. fn the 
clonal burst of an immune response, the four 
dimensional itinerary of dauehier and grankdoughicr 
‘Tells has not yet boon adkaquately chronicled. The 
subsequent interactions of these critical progeny 
‘with their antigen, cytokine, and chemokine erie 
ronment couk! ined be random. IF daughters in 
herit diflering migratory or signaling. capacities, 
however differences in their subsequent itinerary 
might he considered determinisic, Random ant 
nonrandom differences. in subsequent signaling 
‘might, therefore, be critical for the descendants of 
aa workiorce of one to reach different states of i 
ferentiation, including terminally differentiated cells 


‘Single precursor 


from independent encounters with DCS 


SPECIALSECTION 


a well as uncommitted and less differentiated in- 
termediates, fier embellishing a spectrum of 
differences among clonally raed T cells (Fig, 2). 

The fiture challenge in this regard will be to 
determine the subsequent contact, migratory, andl 
Signaling history of daughter and granddaughter 
Teals, across both the CD4" and CDS" lineages 
and} across an amay of varied immune responses. 
How many rounds of asymmetic or symmetric di- 
vision occur? To what device do subsequent ine 
‘actions appear stereotyped or random? Where: do 
daughter cells go afer division? Will the oukcome 
of division be diferent for antigens presented by 
DCS, B calls and macrophass? 


Effector Heterogeneity—Many New Choices 
Recent years have scen remarkable progress in une 
derstanding how innate immunity and other signal- 
ing proceses shupe the function and migration of | 
activated T cells, but how these stimuli act on 
expanding T cell clone and how much diversity 
is generated in immune responses remain 10 be 
determined. Indeed, with improved methoxls 10 
analyze phenotype and function of effector T cells, 
thas become clear that the effector cells ane 
heteragencens in tems of their surface phenotype, 
eytokine production, and homing potential. Thus, 
in addition 19 the classical Tyl, Ty2, and Ty 17 
cells (3, 12), other effector cells have been 
‘demtficd. These include follicular Thy cells that 
rodice IL-10 and IL21 (4), Ty cells precucing 
inerferon-y (IFN-7) and IL-4, as well as Ty cells 
producing both IFNey and IL-0 (8) or IFNey 
and IL-17 (73), Further heterogeneity is detected at 
the kevel of homing reccplons with distinet subsets 
of central memory and effector memory cells (6). 
Although some of these properties may be related 
40 the stale of activation, most appear to define 
dlistinet T cell fates that are stable upon cna 
exparsion in vito 4), 

Many of the challenges facing our under 
standing of effector differentiation relate to 
questions of plasticity and fineage relation= 
ships. Traditionally, CD4" T cell effector fate 
was thought of as a binary choice between 
‘opposite fies. With increasing recognition 
that there are more than two CDH" effector 
fates (3, 12), a challenge will be to understand 
how cells can make decisions when con 
fronted by mutiple choices. In. view of the 
findings that mature CD" effector fies are not 
doped until ater cell division (5), that CD4" 
T cells also exhibit asymmettic division (9), 
ana that CD" T cells may reengage with DCS 
ater they have divided (76) itis tempting io 
speculate that a CD4° T cell might not make 
exchisive choices initially. Instead, it might 
generate an amay of fineags-committed pro 
‘genitors through limited rounels of asymmetric 
division. For example, the receptor fr IEN=y is 
pobired at the immunologkal synapse of 
C4" T cells activated in vitro and 
(9,17). Because this asymmetry persists until 
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mitosis, it could result inthe fist CD4° daughter T 
cells becoming more and less Tyl-prone. With 
subsequent division, daughters could fanher diversify 
as Ty Tul or adaptive regulatory T cell (Tu) 
prone, as well as precursors ofthe central memory 
lineage. Sdlective pressures meat by the pathogen- 
related signals, such as presence or absence of 
TL-12 or 1L-23, could then determine the relative 
‘outgrowth and suppression ofthe various fincas, 
resuking in a polarizad outcome. Whether the inital 
progeny are indeed partially committed down 
slitlerent paths or are all equally malleable intr= 
mediates as not yet been adequately evaluated, 
How many generations of daughters recontact 
antigen-presenting cells and whether both initial 
‘daughters have an equal fkelhoad of reencounier 
ing antigen in the site of primary immunization or 
in peripheral tissues ane not yet 
known. It is likely that stich reen- 
‘counters might influence the capacity 
‘of daughter cells 1 firther diffoen- 
tiate by acquiring. adklitional fine- 
tions, At which cell division number, 
‘or afer how much signaling. and in 
‘what anatomic location diferentiat- 
ng progeny lose their plasticity and 
become more epigeneticaly five in 
their fite are unresolved issues with 
Jimportant therapeutic implications for 
diverting burgeoning and established 
immune responses, Another critical 
challenge in efecto deren 
to better understand the 
regulation of antigen-specific reyul- 
tory cell: in policing their effector 
kindred (2), Whether variant effector 
T cells that coexpress regulatory 
eytokines (8) and antigen-specific 
adaptive T's expressing FoxP3 
(12, 18) will play roles in a physiow 
logical or therapeutic setng across 


ply longslived effector cells that escaped clonal 
deletion, or are they continually populated from a 
stem cell-like central memory cell? Whereas the 
fist mechanism would ensure thatthe spectrum of 
functions generated in the primary response ane 
maintained in memory cell the second mectanism 
is consist with the finding that effector memery 
cells have poor reconstitution potential and that a 
central memory T cell can diflerentiate 10 efloctor 
cells in response to homeostatic cytokines. Because 
a cenizal memory stem cell penoxtically engages in 
intercellular communication 10 receive membranc- 
bound IL-1S signaling during homecstass, it is 
possible tht a nonantigendiven asymmetric divi- 
‘son might result in aselFrencwing central memory 
stem cell daughter anda tomninally diffoentisted 
effector memory daughter. 


Fig. 2. Hypothetical model for generating a spectrum of differentiation 
among the descendants of a single clonally selected T cell. Daughter cells 
«ould encounter stochastic variation in exposure to antigen or cytokine signals, 3, 
as well as deterministic differences such as unequal inheritance of fate- 
imposing or migratory signals. Together with further asymmetric cell division, 
these random and nonrandom differences in strength of stimulation could 


‘ually, a single naive T cell Such minute numbers 
of call, however, would make it dificult to image 
cell-cell interactions and clonal dynamics in situ 
Given that the ability of a responding T cell 10 
maintain contact is inverscly proportional 10 the 
number of responding cell (2/),it might be extra- 
pobied that asymmetic division would be an 
‘variant feature of clonal bursts with only smal 
numbers of responding cals, 

As mentioned above, a major challenge 
the field is the ability to chronicle a clonal burst 
adequately in viva, Reagents and mel systems 0 
tre carly events developing in situ will be etitial 
for this task. Imaging apprcaches tht can reveal cll 
fies using reporters of key transcription factor or 
effgetor molecule expression will undoubtedly: be 
sefil 10 this end (/3), Being able to distinguish 
parent from dauehter and prandkh- 
ter as well as which ane deseendhuns 
‘of prositmal anc distal cell, will be 
importa to refine fate map of dif 
ferent immune responses, Reagsnts 
that can report the maturation status 
‘of DCs and local eytokine graionts 
may also be necesy 40 understand 
the woke of the T eels environment in 
Promoting variance in the file of the 
activated cells 
facod with the exciting, yet daunti 
challenge of unveiling. the instruc 
tions, identity, and agenda of the 
cellular descendants ofa singke Teel! 
cal to bate, 
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PERSPECTIVES 


Private Lives: Reflections and 
Challenges in Understanding the Cell 
Biology of the Immune System 


Ira Mellman 


The immune system comprises a variety of cell types whose activities must be carefully regulated to act 
‘a5 a coherent unit for the purpose of host defense. To perform their autonomous functions, immune 
ells must rely on the same basic organizational features that apply to all cells, although immune cells 
often exhibit remarkable degrees of specialization and adaptation. The study of these specializations 
has lagged behind advances in understanding the immune response and cell biology individually. As a 


result, there are great opport 


ities, but also great challenges, for new conceptual discoveries by taking 


a more cel-biological approach to probing the function of the immune system. 


ogy an cell biology share at east one 
[pci i en 

the 19th century, Elic MetehnikotY discovered 
“innate immunity” by demonstrating the ability of 
phagocytes a0 detect, engulf, and kill invading 
inierobes. His definition of this. fundamental 
principle of immunology was wholly enabled by 
paying close attention to the cell biology of how 
phagocytes worked. Metchnikol?’s attentiveness 
ako provided some of the first fundamental 
principles in cell biology, including the discovery 
‘of endocytosis, the function of lysosomes, and 
the ability of ells to produce cytotoxic compounds 
Despite this auspicious. beginning, immunology 
and cell biology gradually drifted apart. Perhaps 
because of the emerging complenity of each fckd, 
mmunologists became Fess interested int how the 
cells they study actually. work, whereas cell bi- 
‘ogists (at least molecular cell biologists) avoided 
problems involving more than one or two cells. 
Yet today, like Amanda and Elyot, the divorced 
couple in Noel Coward's play Privute Lives, im- 
munology and cell biology now find themselves 
\with new spouses in adjacent hotel rooms, wealiz~ 
ing that there had been something wonderful in 
ther previous relationship. 

In all complex. problems, understanding the 
mcchanism provides the key to understanding the 
problem itself, even if this reationship is hidden by 
‘a preoccupation with the problem. In immunology, 
this key was long ago demonstrated by the ap- 
plication of molecular biology to unravel how im- 
mune cells generate the diversity required for 
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antigen recognition by antibedies and T cells 
Attention to cell-biological mechanisms has sim- 
larly proiced basic insights, pauticulary in the 
areas of Icukocyte diapedesis, apoptosis, and 
transcription. What we have Keamed fom studying 
eytoloxic T hmpbioeyte (CTL) function has boo 
Particularly noteworhy in this regard We have 
Jeamed that eytotoxic granules are in fet moxiiod 
lysosomes whose distribution and. secretion ane 
polarized 10 the site of tgctcell recoition, in 
‘resin the directionality and thereby the sckxtivity 
‘of the eyioloxic payload. CTL granules polarize by 
interacting with microtubule-dependent motor 
proteins after an induced reorientation of micro- 
tubule organizing centers and thus the cel's entire 
microtubule network aller antigen recognition (1). 
Both granule biogenesis ark! polarity were int 
described with chssical cell-biological approaches 
and then confirmed by the analysis of mutant cells 
isolated from individuals with vanous inherited 
immunodeficiency syndromes (2), These studies 
demonstrated thatthe features of granule dynamics 
defined for CTLs apply to ether sceetory cell types 
(such as melanocytes). Other surprises await 
these systems, such as the postiranscriptional 
regulation of eytokine production in secretory cells 
[such as natural killer clls (3). 

‘A variety of other critical problems in the 
immune response coukl also be understood at a 
similar level of celFbiological resolution, revea- 
ing basic new information about both immunolo- 
gy and cell biology. We know remarkably litle 
about the mechanisms of cytokine secretion (cs 
pecially cytosolic cytokines such as interfeukin- 
1B), how cytoplasmic scaffolds control T cell 
receptor signaling, how Tolblike receptor sig- 
naling is controlled in different intracellular com- 
partments. what the immunological synapse 
actually does and how it works, and the 


‘mechanisms by which alterations in cell adhesion 
cause cellular activation or deactivation, Another 
central problem in immunology that has ereated 
natural interface with eel biology. the one that we 
have engaged, is antigen processing and pre 
tation. None of these are new problems, However, 
they have faiked to capture the imagination of 
more than a handful of cell biologiss, teaving 
them to immunologists, many of whom must keam 
the methods and criteria of cll biology on the job. 
The reative lack of 
‘communities has ereated a number of disconnects 
‘over the yeurs that perhaps have made progress 
‘more difficult to achieve than it already is, 


Pathways of Antigen Processing: MHCIL 
With the realization more than 20 


(MHC) molecules bound peptides derived 
largely fiom extracellular antigens, there has 
been much interest in understanding the path= 
‘ways and onganelles involved. It was appre- 
ciated early on that an invariant chain directed 


newly synthesized MICH af dimers to be die 
verted fiom the sceretory pathway into endocytic 
organelles where they encountered internal- 
ized antigens (4, 5), Proteases clearly degraded 
invariant-chain and protein antigens, with pop- 
tide loading facilitated by chaperones such as 
HLA-DM, and the resulting peptide-MHCU 
comples then proceeded from the loading site 
to the plasma membrane. However, the identity 
of the intracellular compartments) in which 
these events transpired (as well as the onder of 
events) remained uncertain, 

Initially, the issue was, in effect, ignored by 
collectively referring to any endocytic organelle 
containing MHICH as the MHCI compartment 
(MIC) (6). This raised a problem because the 
cexdlocytic pathway comprises several distinct oF 
anelles that have decidedly different functions. 
Worse, the term MHC came to imply the ex- 
ence of a unique compartment specific to 
antigen-presenting cells (APCS), This situation 
obscured an underlying complexity of functional 
importance and substituted it with a complexity 
ic. a novel organelle) that probably didnot 
exist (7, 8) MIICs were generally assumed to 
have the properties of late-endocytic compart- 
‘ments, namely because the cells most commonly 
used in these studies localized most of their 
MICH to fate endosomies and Iysosomes, Yet, 
‘ot all APC accumulate MHCIH in late compsat- 
ments, not all antigens are processed in ate 
compartments, and not all APCS maintain a 
characteristic distribution of MHICH under all 
conditions. This serves to illustrate the importanc 
of understanding organelles of immune cells with 
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the use of the terms and criteria established 1 
describe organelles in general: only in this way 
will any unusual, immune cell-specific special 
izations be revealed and effectively communi- 
“to those outside the field of imiunola 
The problem is best illustrated by myeloid 
dendritic cells (DCs), which concentrate MUCIL 
in late endosomes and lysosomes while imma- 
ranslocate the MHCIL 
to the plasma membrane (9). Yet, itis not clear 
that the depletion of MHICIL from late compart 
nates the ability of migen 
to be processed and presented, Many primary 


B cells and B cell lines can act as efficient 
APCs without localizing much MHCIL to late- 
smpartments (10). Although DCs ean 
form peptide MHC complexes in lysosomes 


for de 
may refleet the particulr biology of DCs and not 
phenown 
rand more sensitive ima 
and biochemical tools to identify when and where 
Peptide-MHCIT complexes. form, combined. with 
the ws 
‘upt proaficted individual stops. Such tools must be 
applied not ve the problem in culture by 
also t0 investigate APCs in vivo, 

Understanding the onder wins a 
problem as Well: Textbooks often imply tha 
internalized antiga 
sis to peptides, which bind at equilibrium to 
MHICIE mokeules. Yet, a variety of consider 
intact anti 
radation, with peptides being 
generated after exoproteolysis from both the 
N- and C-terminal ends [for review, see (//)]. 
Such a mechanism would be consistent with the 
observations. that protein degradation in lyso- 
somes does not produce even a transient 
accumulation of peptide intermediates. and that 
professional APCs, such as DCs and B cells, ex 
hibit greatly lysosomal and 
ult fa 
tigens bound 
to MHCIL, How peptides are loaded onto MHCIL 
molecules may be the most fimndament in 
the field, but it still awaits direct proof by kinetic 
analysis and biochemical reconstitution. 


ery to the surface upon maturation, this 


mt To sohe these 


‘of genetics er conditional switches 10 di 


1 are converted by proteoly 


ations: suggest thy ns can bind 0 


MIICIL before de 


Presentation of Endogenous Versus 
ross-Presentation of Exogenous Antigens 
on MHC 

When work on the MEICIL system was 
hing, it was appreciated that the concentra 


was small, relative to the amount required to 
track ts behavior by biochemica 

cytochemical techniques. It was thus formally 
possible thatthe observed pathway was not the 
Physiologically impo Yet, the “obvi 
fous” mechanism tumed out to be comect: an 


tigen endocytosis and intracellular formation of compartment barrier violations: (i) the escape 
peptide-MHCIT complexes, followed by their antigens or peptides across the endocytic 
3 AUGUST 2007 VOL317 SCIENCE 


delivery to the plasma membrane. On the other 
hhand, understanding a and pre 
sentation via MHC class 1 (HCI) mokscules 
presented—and continues to present—a daunt- 
mnceptual challenge. It was clear early on 
that the peptides recognized by CD8* T cells 
were offen derived from cytosolic viral proteins, 
proteins that never reached the endoplasmic re 
ticulum (ER) lumen and therefore should never 
‘come in contact with the peptide-binding 
‘of MHI (12). Alth 
partment barriers is anathema to cell biol 
the problem was solved in a 
by the genetic id 
transporter associated with antigen processing 
(TAP) peptide translocator and the in vitro 
reconstitution of its activity (/3), Elucidating 


fashion 
fication of the ER-localized 


how exogenous antigens are “eross-presentea! 


Fig. 1. Mature DCs express large quantities of 
sell- and. foreign peptides bound to MHC! and 
MHC (red) molecules and can present peptide- 
MHC complexes to multiple T cells simultaneously 
(D3, green). It is assumed, but not entirely clear 
that different peptide-MHC complexes can be 
presented at the same time. [Photograph courtesy 
‘of Ona Bloom, Yale University School of Medicine] 


‘on MHI after endocytosis has cluded a. sim. 


that an antigen internalized by endocytosis could 
be loaded onto MHCT molecules, although (using 
fibroblasts) they had 


uptake (/4). More recent work has established 
¢ by far most offic 
peptides derived from intemalized 
antigens (9), Although some peptides can be 
loaded within the confines of endocytic oF 
elles (15), there is excellent evidence that 
most incoming antigens must 
cytosol in onder to be cleaved by the proteasome 
before MHCI leading (/6). T 


mt at cross 


ain access to the 


is creates 10 


nelle membrane to the cytosol and (ii) reim. 
portation across (presumably) the ER membrane 
tobind to MHICL Akthough itis ck tha TAP pl 
role in warslocating antigen-derived peptides in 
the ER (//, 17), how antigens egress from en- 
docytic omganelles remains a mystery. Among the 
suggested mechanisms are the stochastic or in 
duced rupture of endosomes, regulated endosomal 
pores and the presence of ER-derived channels re 
sponsible for retrotranslocation of misfolded pro- 
teins. The later has received much attention after 
initial excitement over the possibilty that form. 
ing phagosomes physically fused with the ER, a 
based on qualitative static electron mi- 
cs but net confirmed by subsequent 


cerscopy it 
work (73), 
It nevertheless remains possible that ER com 


ponents ane present in endocytic compartments, 
although it has been difficult to de 


nstrate 


this point by conventional or well-accepted ap- 
proaches to immunolocalization. In other words, 
if they are present they represent trace com: 
ponents, a situation quite unlike the ER, where 
TAP, subunits anslocon (such as Sec6l 
ins), and the various chaperones. and 
cosy shoca 
tion are easy to detect (/8), There is certainly 
+ evidence that some ER components can 
reside at Kcast transiently. in the Golgi, endo- 
somes, or even the plasma membrane (11), but 
ccegant and sensitive assays to demonstrate 
their accessibility to endocytic probes (/9) cannot 
be taken as definitive evidence that they perform 
a physiolo 
ER. For example, small amounts of 
reach the ER itself by rt 


sferases associated with tr 


lly relevant function outside the 
mtigen may 
de transport, as 
‘occurs fora number of viruses and bacteri 
20): A small escaped faction of an antigen may 


toxins 


create the signal, rather than a small endosome- 
Iocalized faction of ER components, As described 

fone must use biochemical reconstite: 
tion and genetics 10 clinch reated by 
localization and func A problem 
as vexing and important as the mechanism of 
ccrnss-presentaton provides fertile commen ground 
that will continue t0 challenge immunologists 
and cell biologists alike 


1 studies. 


‘Antigen Targeting to DCs 

With the appreciation that antigen presentation 

by DCs is responsible for initiating 9 
eesponses has come considerable inte 

aapcutic uses of DCS in a 

ttenuating immune responses. Ant 


can be dramatically enhanced by targeting a 
desired antigen with antibodies against DCs 
the presence (or absence) of aturation 
signal (2/). DCs express a plethora of surface 
receptors, many being C-type lectins that have 
proved to provide effective ponals of entry. 
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‘everal celk-biological questions are of interest 
sonceming these receptors: (i) Are they intemal 
ized, and where do they deliver bound antigens? 
i) Are some receptors better at programming 
<ross-presentation? (ii) Can individual receptors 
target functionally distinct DC subpopulations? 
{iv) Does antibody binding to a given receptor 
trigger DC maturation, and if's0, does receptor 
activation help to control the balance between 
immunity and tolerance? In general, we must 
ask what the relationship is between the mode 
‘of antigen endocytosis and the function of 
antigen presentation to T cells (Fig. 1). 

In recent work published in Science, Dusdriak 
eal, bave shown that two Ieetin receptors. on 
mouse DCs, DEC-205 and DCIR (33D1), are 
diflerentially expressed by two different populs- 
tions of DCs in the spleen: CDSa” and CD8a 
DCs, respectively (22), Targeting, antigens. via 
DEC the CD8a* subset was found to 
selectively prime MHCHrestricted responses by 
‘eross-presentation, whereas MHICIL-tesricted 
sponses Were more efficiently triggered by DCI. 
langeting to the CDSa subset. This finding is 
‘consistent with the idea that eres-presentation 
‘general, more the purview of CDSa" DCs 
(23), Reversing celhtype restriction of receptor 
expression did not appear to change this con 
clusion substantially, sigwesting that specializa- 
tions associated with CDSa” DCs may favor 
ir ability for eross-presentation. 

‘At the same time, in vitro work suggested 
that another eetin (the mannose receptor) was 
also quite effective at inducing the formation 
‘of peptide-MHCI complexes from exogenous 
antigen in bone marrow cultures and macro- 
phages, where subpopulation identities are less 
clear (24), The mannose receptor appeared to 
deliver bound antibody to early endocytic com 
partments, suggesting that cross-presentation 
may occur from here as opposed to in late en 
dosomes and lysosomes, which was the ease for 
Joading onto MHCIL, Although these results sug- 
gest that the receptor used and route of antigen 
entry may also help determine the resulting form 
‘of antigen presentation, the data relied only. on 
Jow-resolution qualitative: immunofuorescence 
to define the intracellular localization of delivered 
amtigens-—criteria too fimited to support firm 
conchision. Moreover, the data di not account 
for the fact that DEC-205, which also efficiently 
mediates. MHCLrestricted  eross-presentation, 
has been extensively characterized as delivering 
its bound antigens to late endosomes and lyso~ 
‘somes as opposed to early compartments (25). In 
any event, these findings highlight a whole new 
‘problem set involving the relative contributions 
fof endoeytosis and DC subpopulations in 
determining the nature of the immune response. 


Looking Forward by Looking Backward 
‘There are many other problems that would benetit 
mmediately from a more effective and bi 


directional relationship between immunotogists 
and cell biologists. For example, the dynamics 
and function of the immunological synapse 
remain incompletely understood, in part because 
these critically important structures have yet to be 
subjected to the type of rigorous analysis applied 
to “simpler” problems of cell adhesion. The 
relationship between autophagy and antigen 
presentation in Viral immunity is also emerging 
as critical (26, 27). Signaling in immune cells will 
provide a rich area to mine, and some direct 
ierchange over what lipid afls can and cannot 
do would be of great value in itself Finally, there 
is the issue that immunologists have always 
appreciated far better than most molecular cell 
biologists: the in vivo or systems-level context 
Immunology exists to study the way the immun 
system works as a whole to confer protection 
against disease. Broad and conceptually profound, 
itis understandably difficult forthe ticld wo devote 
‘equivalent attention to the cellular mechanisms 
involved. However, futher progress will requ 
such eflort and the best path forward will be 10 
take steps to make the language, concepts, and 
culture of immunology more aocessible 10 col- 
Icagues in cell biology to attract them in and 10 
‘outsource what may be too diversionary 40 Kem. 
‘One area that is particularly ripe for spectacular 
advance is in the area of in vivo or “intravital 
imaging. Akhough still in a langely descriptive 
phase of development, immunologists are nicely 
demonstrating 10 cell biologists the conceptual 
value ofthis platform. When this area is combined 
with emerging technologies to permit interven- 
tional experiments using actuation switches and 
quantitative molecular reporters, we will have 
enteral a new age of “systems cell biology. 
combining the best of both worlds, 

Like Elyot and Amanda, immunology and cell 
biology were once intimate partners we find our 


SPECIALSECTION 


sehes again in close proximity, but this time with 
the chance to rekindle a beautifal relationship. 
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PERSPECTIVE 


Emerging Challenges in Regulatory 
T Cell Function and Biology 


‘Shimon Sakaguchi* and Fiona Powrie? 


‘Much progress has been made in understanding how the immune system is regulated, with a great deal of 
recent interest in naturally occurring CD4* regulatory T cells that actively engage in the maintenance of 
‘immunological setf-tolerance and immune homeostasis. The challenge ahead for immunologiss isthe 
further elucidation of the molecular and cellular processes that govern the development and function of 
these cells. From thi, exiting possibilities are emerging for the manipulation of regulatory T cell pathways 
in treating immunological diseases and suppressing or augmenting physiological immune responses. 


ler B. Cannon, the originator of t 
concept of homeastsis, emphasized 
his book The Wisdom of the Box that 


‘when a factor is known which can shift a 
homeostatic state in one direction it is reasonable 
1 look fora factor or factons having an opposing, 
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effec." The inumune system is not an exception to 
this. It harbors not only effector lymphocytes 
capable of attacking invading mierobes but also an 
Inhibitory population of T cells, called regulatory 
T (Tyg) eels: These lymphocytes ane specialized 
in suppressing excessive or misguided immune 
responses that can be hamfil to the host: for 
«example, against norma selfsconsituents in auto 
immune disease innocuous environmental sub- 
stances in allergy, or commensal microbes in 
certain inflammatory diseases (J, 2), On the other 
hand, overzealous Tyg responses can impose hest 
protective immunity’ in infectious disease and 
cancer. Recent advances in our understanding of 
the molecular mechanisms that control Thy cell 
development have open new avenues of inves 

ston, but key questions conceming the antigen 
OF Try cells, their homeostasis, and 
mechanism of action remain, Here we discuss 
‘our current understanding of the biology and 
function of Ty cells and how they might be 
clinically exploited to control physiological and 
pathological immune responses 10 self and 
nonselFantigens 

Naturally occuring CD4* Tey cells, which 
constitute approximately 10% of peripheral CD” 
T calls in normal individuals, charactristically 
express CD2S [the interteukin-2 (IL-2) receptor a 
chain, whieh is a component of the high -alinity 
IL-2 roveptor] (1.2), CD4' CD25" Tyg cells play 3 
nonredundant role in maintaining immunological 
selFtokrance and immune homeostasis. Their 
importance is made evident by the fact that the 
depletion of this population fiom normal rods 
produces a variety oF autoimmune inflammatory 

iseases, Whereas reconstitution with CDA 
CD28" T cells can inhibit disease development 
(U. 2), They are produced by the normal thymus 
asa functionally distinet and mature population, 
although there is evidence that T cells with simi- 
Jar immune suppressive activity can be generated 
fiom naive T cells in the periphery 

“The identification of the transcription factor 
forkhea box p3 (Foxp3) as being specifically 
expressed by Tig cells and crucial for their func 
tion has provided a molgcular framework. for 
dlisscoting Try function (3-5) (Fig. 1). Mutations 
inthe gene encesing Foxp3 in humans and mice 
result in impaired development and funetion of 
CDFCD2S" natural Ty cells and Head to auto- 
immune inflammatory pathology. This is best 
exemplified by a human genetic disease called 
IPEX (immune dysregulation, polyendocrinop- 
thy, enteropathy, Xelinked) syndrome, which is 
characterized by autoimmune disease (including 
type | diahetes and thyroiditis), alley, and in- 
flammatory bowel disease (IBD) (6). Further 
evidence for Foxp3 as a key controller of the 
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development and suppressive function of natural 
Treg cells comes fom experiments in which 
transduction of the gene is sullicient 10 convert 
naive T cells ito Trglike cells (3-5). Notably, 
Foxp3 inhibits transcription of the gene encoding 
TL2 and up-regulates the expression of CD25 and 
other Trg cell-associated molecules (3, 4). The 
ruling inability of Foxp3* Ta cells to produce 
1L2 appears to make them highly dependent on 
exogenous IL2 for survival (7-9), Accordingly, 
‘mice genetically deficient in IL-2, CD25, oF 
CDIZ (the IL2 receptor chain) and humans 
‘with genetic deficiency of CD25 have both 
reduced numbers and impaired function of 
Foxp3* Tyg cells and succumb to severe auto- 
immune inflammatory disease (8, 10). 

‘A key question that has emerged from these 
findings is how Foxp3 orchestrates the cellular and 
mokcular programs involved in Try function. 
Recent studies have shown that Foxp3 binds 10 
‘other transcription factors such as NFAT (nuclear 
factor of activated T cells) and AMLI (acute 
Jeukemia-1Runs1 (runt-elated transcription 
factor 1) and potentially interacts with activator 
protein and nuclear factor xB (1-13). It is 
this Foxp3/NFATRunsl complex, together with 
‘other coactivator oF corepressor proteins, that is 
responsible for the observed repression of the 
IL-2 and other cytokine genes, as well as the 
activation of the genes for CD25, cytotoxic 
Iymphocyte-associated antigen-4 (CTLA4), 
and_glucocorticoid-induced TNF receptor 
family-related protein (GITR) by binding to 
their respective promoters (//, 12). MictoR} 
zens also appear to be important in Tyg cell 
development; for example, T ell: specific deple- 
tion of Dicer, a ribonuclease enzyme required 
for processing double-stranded RNA, hampers 
tyme development of Foxp3” T cells and elicits 
IBD (/4}, In addition, it has bos shown by 
genome-wide analysis combining chromatin 
immunoprecipitation with mouse genome til- 
ing array profiting that Foxp3 directly or indi- 
reelly controls hundreds of genes, which include 
those that encode nuclear factors controlling 
‘gene expression and chromatin remodeling, 
membrane proteins. and signal transduction 
molecules (/5, 16). Assuming that the proteins 
encoded by Foxp3-controlled genes contribute 
to the suppressive activity Of Tyg cells. it scems 
likely that further analysis of these pathways 
Will provide insight into Tyee mechanisms of 
action, 

{In addition tothe thymic production of natural 
Foxp3” Teg cell, naive T cells in the periphery 
acquire Foxp3 expression and Ty function in 
several experimental setings, including in vitro 
antigenic stimulation in the presence of transform- 
ing growth factor-{§ (TGF-B) of after chronic 
antigen stimulation in vivo (7, 18) (Fig. 1). Re- 
cent studies indicate that the intestine isa site of 
Foxp3” Trg cell development and that special- 
ied intestinal dendritic cells (OCs) promot: Foxp3 


expression via a mechanism that és dependent on 
local TGF- and retinoic acid, a vitamin A meta- 
bolite (/9-2/), Peripheral development of Foxp3* 
Trg cells may therefore represent a mechanism that 
helps broaden the Try repertoine in specialized 
anatomical sites, Reoent studies have aso reveal 
reciprocal relationship between the development 
of Foxp3 Trey and effector T cells, 0 that mative 
CDF" Tels dilferentate into Foxp3” Tay cells in 
the presence of TGF-B or into T helper 17 (Tut) 
calls (which secrete IL-7, a potent proinflamma- 
tory cytokine) in the presence of TGF ann! IL-6 
22, 23), Therefore, TGF, which can be ubiqui- 
‘ously expressed in tissues, has the paradoxical 
fect of inducing distinet T cell subsets that appear 
to have opposing effects an immune responses, 
Marcover, IL-2 facilitates the differentiation of 
rusive CD4" T cells into Try cells but inhibits their 
differentiation into Ty17 cells, whereas 1L-6 sup- 
presses Foxp3 expression in Tyg cells in adltion 
to enhancing Ty17 cell development (23, 24), 
‘These results serve to illustrate the complexity of 
eytokine-mediated control of the differentiation 
Of Foxp3” Treg cells in the periphery. and further 
‘work is required to identify tissue-specific fictors 
that influence the balance between Treg and 
effector T cells in distinct tissue sites. 

‘Akhough peripherally induced! Tig cells resem- 
‘be thymically derived Th cells in phenotype and 
aspects oftheir function, future comparative studs 
of their functional an genetic stability, including 
the status of chreaatin remodeling of the Foxp3 
Jocus, need fo be performed with the two popx 
ations (25). I should also be noted ta, in contrast 
4 mouse naive T cells, in which it is difficult to 
induce Foxp’ by in vito T cell receptor (TCR) 
ssimulatice, human naive peripheral blood TT cells 
readily express Foxp3. upon TCR. stimulition 
although the expression level is generally: much 
lower and more transient than in natal Ty cells 
26), Indeed, it is nit yet established whether 
indvoed They cells have identical functions to those 
of natural Tay cells to What extent they contribute 
tothe pool of Foxp3” Ty cells inthe periphery, and 
whether this activation-induced Foxp3 expwession 
in non-Tg cells serves asa Tell -intinsic brake on 
immune responses, 

Foxp3* Try cells can both directly and indi- 
rectly suppress the activation and proliferation of 
many cell types, including T cells, B cells, DCS, 
‘atu killer (NK) cells, and NK cells in vivo and/ 
er in vito (27, 28) In vitro suppression of TC 
simulated profiferaion of other T cells is a 
commonly used assay for assessing Thy cell sup- 
ressive activity: however, the mechanisms involve 
are incompletely understooxl. A number of different 
mechanisms have been finked 10 Tray activit 
Including cell contact-dependent inhibition of the 
activation and proliferation of antigen-presenting 
calls (APCS) and T cells, the killing of ether APCS 
¢ T calls o both, and suppression via cytokines 
suchas IL-IOand TGF-B (2,27, 28). These results 
suggest that Foxp3” Trp cells donot suppress 
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Fig. 1, Foxp3* natural Trey cells produced by the normal thymus suppress the activation and expansion of 
naive T cells and their differentiation to effector T cells, including Ty, Ty2, and TyA7 cells, which mediate 
a variety of pathological and physiological immune responses. Foxp3” Trey cells can also be generated 
from naive T cells in the periphery, although the physiological significance of this Ty,-generative pathway 


remains to be determined. 


immune responses by a single mechanism but use 
«variety of pathways in a context-kpendent man- 
ner forexaumple, depending on eytokine milieu, the 
activation status of APCS, and the strength of 
“antigen stimulation, A key challenge therefore is 
to validate putative mechanists OF Tyg acti ity 
in vivo and define the circumstances in which 
these operate, “An important factor may be the 
site of action of Treg cells. Ekeyant studies by 
intra-vital imaging with two-photon microseo- 
Py to examine the in vivo behavior of activated 
Tyg Cells in Lymph nodes suggest that they may 
hamper the access of effector T cells to DCs 
(29, 30), There is also evidence that Tre cells 
act in tissues to control established inflamma- 
tion and that Trey cell production of IL-10 plays 
a functional role (2), IL-10-secreting Foxp3” T 
cells are rare in the spleen but abundant in the 
inflamed intestine and also become detectable 
at the site of inflammation in autoimmune 
disease or chronic infection (37). This indicates 
that there is compartmentalization OF the Trop 
response and that mechanisms of suppression 
may be influenced by the anatomical location 
and dictated by the nature of the inflammatory 
response being regulated. It is also imperative 
to the host that appropriate effector responses 
can be activated after infection with pathogens. 
‘The production of 1L-6 by activated DCs has 
been shown to overcome Try-mediated sup- 
pression in vitro (32), However, further in- 
formation on the cellular and molecular 
pathways that control the delicate balance be- 
tween effector and regulatory T cells in vive is 
required. 

‘The specialized immunological properties 
of Foxp3"CD4" Tr cells suggest that they 
might be clinically exploited to control a va- 
riety of physiological and pathological immune 
responses (2, 10). These cells can recognize 3 
broad repertoire of self- and nonselfant 


cluding pathogens (33), although their wtal rep- 
ertoire is apparently more skewed to recognizing 
selFantigens (4, 35). Phenotypically they ap- 
‘pear in an “antigen-activated” state inthe thymus, 
as illustrated by their high expression levels of 
Various accessory molecu, including adhesion 
molscules (/0), Thus, they are poised to exert 
suppressive function whenever exposed 10 reke- 
Vant antigens and thus are suited for controlling 
autoimmunity, In addition, in contrast to their in 
Vitro hyporesponsiveness to TCR. stimulation, 
any natural Tyg cells are ina profiferative state 
in vivo, presumably as a consequence of the 
recognition of self-antigens and possibly com 
mensal microbes, and can be stimulated 10 
proliferate by antigenic stimulation (/0). They 
arealso functionally stable, retaining their sup- 
pressive activity after clonal expansion (10). 
By exploiting this stable and robust suppres- 
as well as profiferative capacity 
strategies that clonally expand antigen-specific 
natural Tyg Cells while inhibiting the activation 
and expansion of effector Tetts may be useful 
to strengthen or establish self-tolerance in auto- 
immune disease or induce tolerance to nonself= 
antigens in organ transplantation, allergy, and 
IBD. or augment feo-matcrnal tolerance in preg- 
nancy (Fig. 1). As a reciprocal approach, selec 
tive reductions in the number oF function of 
natural Tyeg cells while retaining or enhancing 
efector T cells may be a strategy for provok~ 
ing and augmenting tumor immunity in cancer 
patients or microbial immunity in chronic 
infection, Biologicals and small molecules 
‘with such differential effects on Tyeg cells and 
effector T cells may represent a next genera- 
tion of therapeutic reagents for suppressing or 
ccnhancing immune responses with a high kevel 
of selectivity (36). 

Besides Foxp3” Tyg cells, there are a number 
of Foxp3-nonexpressing T cells with immune 
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suppressive activity that are in the scope 
of clinical use. These include CD4” cells 
producing IL-10 or TGF-B as well as 


CDS" Tyg cells with different modes of 


suppression (28, 37), Although the phys- 
iological role of these populations in 
immune homeostasis is not known, they 
do offer the advantage for clinical use that 
antigen-specific Tr cells can be prepared 
relatively easily. 

tis now firmly established that 
Foxp3” Tyg cells, naturally arising. or 
induced, constitute an indispensable 
component of the immune system. Fur 
ther chiciation of the molecular and 
cellular basis of their development and 
function will facilitate our understanding 
‘of immune tolerance and homeostasis and 
provide ways to better control immune 
responses for the benefit of the host 
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Q_ AAAS 


Who inspires 


brainwaves while 


| study water waves? 


4 1 study the mathematical equations that 
describe the motion of water waves. 
Different equations represent different waves — 
waves coming onto a beach, waves in a puddle, 
or waves in your bathtub. Then when I've 
surfed the math, | like nothing better than to 
spend the rest of the day surfing the waves. 
1 


This field is very important. The better we can 
model water waves, the better we can predict 
the patterns of beach erosion and natural 
disasters such as the tsunami in South East 
Asia. And this research can be applied to all 
sorts of regions around the world. 


Being a member of AAAS means | get to learn 
about areas of interest | might not otherwise 


encounter. It gives me valuable opportunities to 
exchange ideas with colleagues in other fields. 
And this helps me find new approaches to 
my own work. 


Dr. Katherine Socha is an assistant professor of 
mathematics at St. Mary's College, Maryland. 
‘She's also a member of AAAS. 

See video clips of this story and others at 
www.aaas.org/stories 

Katherine Socha, Ph.D. 


Assistant Professor of Mathematics 
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Defusing the Childhood 
Vocabulary Explosion 


Bob McMurray 


‘tween birth and adulthood, children Kear 
B ut 6,00 wads om ance, 810 10 

‘words per day. Studies consistently re 
veal that, during the second postnatal year, word 
leaming_ accelerates dramatically (7). Although 
the acceleration is continuous and not stagelike 
(2, 3), this so-called vocabulary explosion is a 
foundational phenomenon that theories of 
Janguage acquisition must adress, 


acquisition threshold, it is kcamed. This: model 
exhibits the characterstic pute of slow Keaming 
followed by acceleration (Fig. 1B, black tine) 
Develeration is seen at the end of acquisition, 
something that has been hypothesized (3) but not 
examined empirically [Supporting Online 
Material (SOM) text S2} 

Further simulations examined mechanisms 
that leverage initial words 10 facilitate Fearing. 


and child-directed speech (SOM text 83), This 
model showed acceleration (Fig. 1C). Interest- 
childdirected specch yielded faster carly 
Jcaming, whereas adult-directed speech was faster 
{ater the optimal distribution may change with 
‘age. Acceleration was aso soon in a fixedahneshokl 

+h word had the same threshold, 
step only one (randomly cho- 
sen from a distribution based on the same log- 
frequencies) reccived a point. Thus, acceleration 
in vocabulary yrowth could arise from occur- 
rence statistics alone. 

‘The vocabulary explosion is a by-product of 
parallel Ieaming and variation in the time to fear 
‘words, Although words accumulate evidence at a 
constant rate the outcome aceelenates, The ease 
‘oF acquisition distribution provides a framework 
for integrating linguistic, psychological, and sta- 
tistical factors in word leaming. These mundane 
structural features of the organism= 
eaivironment complex, nt spacial- 


ized leaming processes, detemiine 
the form of growth, Specialized 
processes are not causally neces 
seclration; such 


response 10 acceleration, oF they 
may offket other processes. that 
slow leaming (6). Momwover, the 


(Time-staps to acquire) 


Fig. 2. (A) A Gaussian distribution of time to acquisition. Between O and 2600 time steps (P1), 1481 words are acquired. An 
additional 3966 are acquired in the next 600 (P2), (B) Vocabulary size as a function of time in initial simulations, and when 
learning a word offers a cast or benefit to future learning. (inset) Percentage of words on MacArthur Communicative Development 
Inventory produced by children as a function of age (SOM test SL). (Acquistion in simulations based on word frequency. 


‘Common explanations posit speciatized mech- 
anisms that build on the first words to better 
‘acquire now words aly words may force changes, 
like the naming insight, oF reonganize conceptual 
strictures. Processes lke syntxtic bootstrapping 
and mutual exclusivity may also leverage known 
‘words to aequine new ones (4. 5) 

This paper demonstrates computationally 
that specialized processes ane unnecessary 10 
explain the vocabulary explosion. Acceleration 
js guaranteed in any system in which (i) words 
are acquired in parallel, that i, the system buikls 
representations for multiple words simultancous- 
ly, and Gi) the difficulty of teaming words is 
distributed such that there are few words that 
‘can be acquired quickly and a greater number 
that wke longer. This distribution of difficulty 
derives from many factors, including frequency, 
phonology, syntax, the child's capabilities, and 
the contexts where words appear 

Such a system was simulated by generating a 
Gaussian distribution of time 40 acquisition for 
10.000 words. Figure 1A shows the number of 
\Wonds at each difficulty level. Most are acquired at 
4000 time steps, whereas afew are easier. To 
simulate kcaming, at each time step each wort 
accrues point. When a word crosses its time-to- 


AAs each word was acquired, a benefit was added 
to unkeamed words (SOM text S3), accelerating 
Jeaming (Fig. 1B, blue line). However, acquis 
tion also accelerated when cach Keamed wont 
incurred a cost (red line), 
Analytically, the number of words acquired 
by the mode! within a given time window is the 
integral of the ease-of-acquisition distribution 
‘over that window. In a Gaussian distribution, th 
first quarter (¢-2. 0 to 2000 time steps) has a 
smaller integral than the second (2000 10 4000). 
Hence, the rate of acquisition will appear 10 
accelerate at the later time points (Fig. 1A), Ac- 
celeration should thus be observed in any dis- 
tribution in which the number of words at a 
iven difficulty level correlates positively with 
difficulty, that is, if there are fewer easy words 
than moderate or difficult ones (SOM text S4), 
Additionally, the central limit theorem sugwests 
that, because many factors contribute to time to 
acquisition. their individual distributions sur to 
«3 Gaussian (assuming reasonable independence). 
Given this generality, a time-to-aequisition 
distribution was developed fom ral language 
Word frequency was used as a proxy for diff- 
cal by linearly scaling the log fiequency of the 
2000 most frequent words of English in adult- 


model's generality. suggests 
any parallel learning system (c., 
motor pattems and concepts) 
should behave similarly, Accelera- 
tion is an unavoidable by-product 
of variation in difficulty. 1t should 
‘not be misconstrued as evidence 
for specialized learning. 
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Genome Transplantation in Bacteria: 
Changing One Species to Another 


Carole Lartigue, John |. Glass,* Nina Alperovich, Rembert Pieper, Prashanth P. Parmar, 


Clyde A. Hutchison III, Hamilton 0. Smit 


J. Craig Venter 


‘As a step toward propagation of synthetic genomes, we completely replaced the genome of a bacterial 
‘ell with one from another species by transplanting a whole genome as naked DNA. Intact genomic 
DNA from Mycoplasma mycoides large colony (LC), virtually free of protein, was transplanted into 
‘Mycoplasma copricolum cells by polyethylene glycol-mediated transformation. Cells selected for 
tetracycline resistance, carried by the M. mycoides LC chromosome, contain the complete donor 


‘genome and are free of detectable recipi 


t genomic sequences. These cells that result from 


‘genome transplantation are phenotypically identical to the ML. mycoides LC donor strain as judged 


by several criteria. 


pioneering experiments with pneumococcal 
mnsformation more than six decades ago, 
take up naked DNA (1), 


I: has been known ever since Oswald Avery's 


is (kb) in size can sometimes be 
up. In recent studies with competent 
Bacillus subtilis cells, Akamatss and colleagues 
(2, 3) demonstrated cotransformation of genetic 
markers spread over more than 30% of the 4.2- 
meyabase pair (Mb) genome using nucleoid 
DNA isolated fiom gently lysed B. suhvilis proto- 
plasts. Anificial transformation methods that em 
ploy electroporation or chemically competent 
cells are now widely used to clone recombinant 
plasmids. Generally, the recombinant plasmids 
are only afew kilobase pairs in size, but bacterial 
artificial chromosomes (BACs) greater than 300 
kb have been reported (4). Recombinant plas- 
mids coexist with host-cell chromosomes and rep- 
Ticate independently. Two other natural genetic 
transfer_ mechanisms are known in bacteria, 
These are transluc jon, Tr 


mosomal DNA from donor bacteria and transfer 
it to recipi 


cells by infection, Conjugation in- 
in which donor 


actively passed from the donor into the recipient 
Neither of these mechanisms involves a naked 
DNA intermediate, 

In this paper, we report a process with a dif 
ferent outcome, which we call “genome trans 
plantation.” In this process, a whole bacterial 
genome from one species is transformed into 
another bacterial species, which results in new 
cells that have the genotype and phenotype of the 
input genome. The important distinguishing 
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feature of transplantation is. that the recipient 
genome is entirely replaced by the donor ge- 
nome. There is no recombination between the 
incoming and outgoing chromosomes. The rest 
is a clan change of one bacterial species into 
another, 

‘Work that is related to the process we deseribe 
in this paper has been carried out or proposed for 
various species. Haya ef al. transferred almost an 
entire Synechoeystis PCC6803 genome into the 


neric chromosome had the phenotype 
of the B. subsilis recipient cell. Most of the 
Synechocystis genes were silent (5). A schema 
for inserting an entire Haemophilus influenzae 
genome as overlapping BACS into an Escherich 
‘a coli recipient has also been proposed: howe 
those authors have pointed out difficulties arising 


Fig. 1. Demonstration AA 
that the DNA in the 
blocks was intact and 
circular, whereas. the 
DNA in the band that 
migrated into the get 
was linear. (A) A pulsed- 
field gel loaded with a 
plug containing At. 
‘mycoides LC DNA. The 
1x TAE buffer gel was 
separated by electropho- 
resis for 20 hours and 
then stained with SYBR 
gold. The marker lane 
«contains Bio-Rad Saccha- 
romyces cerevisioe ge 
nomic DNA size markers. 
Note the large amount of 
DNA remaining in the 
plug. (8) The plugs are 


from incompatibility between the two genon 
(6). Transplantation of nuclei as intact onganel 
into cnucleated cggs is a well-established proce- 
dure in vertebrates (7-9), Our choice of the term 
enome transplantation” comes from the sim- 
ilarity to cukaryotic nuclear transplantation in 
which one genome is cleanly replaced by 
another. 


Genome transplantation is requirement for 
the establishment of the new field of synth 
genomics, It may facilitate construction of useful 
microorganisms with the potential to solve 
pressing societal problems in energy production, 
environmental stewardship, and medicine 
Chemically synthesized chromosomes. must 
xentually be transplanted into a celular milieu 
where the encoded instructions ean be expressed 
We have long been interested in defining 
‘minimal genome that is just sulficient for cellular 
life (70, 71) and have advocated the approach of 
chemically synthesizing a genome as a means for 
testing hypotheses conceming the m 
genes. The societal and ethical implications of 
this work have been explored (/2, /3). 

a synthetic cell by this approach 
troduction of the synth 
receptive cytoplasm. We chose 


sed 
¢ 10 this 


I genomes, use of n- 
ater than a stop codon), and 
cll wall. A small genome is 


easier 10 synthesize and less likely to break 
during handling. The altered genetic code 


cilitates cloning in E. coli because it curtail the 
expression of mycoplasma proteins. The absence 
‘ofa cell wall makes the exterior surfices of these 


‘shown either before PFGE or after PFGE, and the genome sized band produced after PFGE, and either with 
‘or without treatment with the Plasmid-Safe DNase. The nuclease enzyme digests linear DNA, but has no 
effect on circular duplex DNA. These data indicate the band of DNA that migrated into the gel was 


exonuclease-sensitive and, therefore, linear. 
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bacteria similar to the pixma membranes of 
eukaryotic cells and may simplify our task of 
installing a genome into a recipient cell by allow- 
ing us to use established methods for insertion of | 
large DNA molecules into eukaryotic cells 

‘We elected to develop our genome transplan- 
tation methods using two fist-gmwing myco- 
plasma species, Micoplasna myeoies subspecies 
mycoides, Large Colony strain GMI2, and 
Mycoplasina capricolum subspecies capricolum, 
strain California kid, as donor and recipient 
cell, espectvely. They divide every 80 and 100 min, 
respectively. These organisms are both oppor- 


‘unistic pathogens of goats, but can be grown in 
the laboratory under Biosafety Level 2 condi- 
tions. In preparation for our experiments, it was 
necessary to sequence both genomes and com 
pare them to determine the degree of relatedness. 
We found that 76.4% of the 1,083.24 -bp dratt 
sequence of the MM mycoides LC genome (4) 
could be mapped to the 1,010,023-bp ML 
copricolum genome (15), and this content 
matched on average at 91 5% nucleotide identity 
The remaining ~24% of the M. mycoides LC 
‘genome contains a large number of insertion 
sequences not found in M. eapricolum. 


Fig. 2. SDS-poly- 
acrylamide gel electropho- 
resis (SDS-PAGE) analysis 
of isolated ML. mycoides LC 
DNA in agarose blocks 
shows that there were no 
detectable proteins as50- 
ciated with the DNA. The 
‘gels were silverstained. 
(Left) The three lanes 
labeled "Intact cells” were 
thre cutns of Mt mycoides 
LC cols that were bold in 
SDS and loaded onto the 
gel. (Middle) Agarose 
blocks with the mycoides 
LC DNA that were boiled in 
SDS and loaded on the 


“soll 


protein get either before (B) or after (A) PFGE. (Right) To determine whether the material at the top 
‘of the gel was protein or DNA, we treated the blocks, before and after PFGE, with DNase I. One of the 


markers was DNase |, 


Table 1. Results of a series of transplantation experiments. 


Number of colonies 
Experiment Negative controls 
daw x = 1M. mycoides 
jo donor No recipient ‘eaesplonts 
ONA cells 
372806 0 ° 1 
4/13/06 2 0 ~65 
angoet o ° 1 
5125/06 0 ° 1 
6/07/06 o ° 6 
6/0806 ° ° v 
6728106 o ° 8 
7106/06 o 0 3 
9107/06 0 ° 2 
1A7/06¢ o ° ~100 
1224/06 o ° ~100 
12/13/06 o ° 20 
04/07 o ° bu 
vsi07 o ° 20 
3/0107 o ° za 
3/20/07 ° ° aa 5x10” 
arevo7t o ° 81 3x10" 
329/07 o ° 2 2x10" 


We attribute these two colonies to laboratory emer, and we never saw any clones on the o-Gonor-DNA contol plates in any 
later experiments. {After this experiment, we did sx expesiments not fisted here that produced ro transplant ones. $We 
attribute the higher genome transplantation efcency in these experiments to the induson of streptomycin in the SP medium 


‘sed to grow the At mycoides LC donor genomes. 
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Atthe outset, we explored a number of meth- 
«xls for genome transplantation. The process had 
throe key phases: isolation of intact donor ge- 
nomes from MM mycoides LC, preparation of 
recipient M. capricolum cells, and installation of | 
the isolated genome into the recipient cells. We 
chose our donor and recipient cells for genome 
transplantation on the basis of our observation 
that plasmids containing aM myvoides LC 
origin of replication complex (ORC) can be 
tablished in M. eapricolum, whereas plasmids 
with an M, capricolum ORC cannot be es 
tablished in AM, mvcoides LC (165. 


Donor Genomic DNA Preparation 
Manipulation of whole chromosomes in solu- 
tion exposes the DNA to shear forces that can 
cause breakage. Thus, it was important to mini- 
‘mize genome manipulation during the detengent 
and proteolytic enzyme treatments by suspend= 
ing the cells in agarose blocks. Intact chromo- 
somes were immobilized in the resulting eavem 
in the agarose that originally held the cell, Di- 
gested protein components, lipids, RNAS, and 
sheared genomic DNAs could then be removed 
by dialysis or electrophoresis from the immobi- 
lized intact genomic DNA. 

Whole, intact genomic DNA isolation was 
performed using a CHEF Mammalian Genomic 
DNA Plug Kit fiom Bio-Rad, Briefly, we grew 
M. mycoides LC cells containing tetracyclin 
(et) and frxalactosidase genes 
(lacZ) (17) at 37°C to moderate density in SP4 
medium (/8}, supplemented with 10 g/ml of 
tetracycline and, in some experiments, 10 jum! 


4575¢ for 1S min at 10°C. We resuspended cells 
in 20 mf of 10 mM Ths (pt 6.5) plus 0.5 M 
sucrose; spunas before; and resuspended again in 
I mil (-1 to 5 = 10° cellsinl), We incubated the 
call suspension for 1S min at S0°C, then mixed it 
‘with an equal volume of 2% low-meling-point 
(LMP) awarose in I= TAE butler [40 mM. Tris- 
acetate and 1 mM EDTA}, Atier $ min at SO°C, 
the mixture of cells and LMP arose (2 ml) was 
distributed in 100-1 aliquots into plug molds, 
The 20 plugs solidified at 4°C. Embedded my- 
coplasina cells were lysed and proteins. w 
digested at 50°C for 24 hours by addition of 6 ml 
‘of proteinase K reaction bulfer [100 mM EDTA 
(pH 80), 0.2% sodium deoxycholate, and 1% 
sexdium lauryl sarcosine} with 240 jl of protein- 
se K 60 Ul), The 20 plugs were then 
‘washed four times at room temperature for 1 hour 
in 20 ml of I» Tri EDTA butler [Tris IC 20 
mM) and EDTA (SO mM), (pl &.0)} with 
agitation and stored in 10 ml of TrivEDTA 
buffer at °C. 

We wanted to confirm that our gentle prepa 
ration ofthe genomic DNA yielded intact circular 
molecules. We subjected some agarose plugs 10 
pulsed-field wel electrophoresis (PFGE) in a 1% 
LMP gel in TAE, with contourelamped homo- 
sencous eltric field (/9) (CHEF DR Ill, Bio- 
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Rad), Pulse times were ramped from 60 to 120 s 


tion, plugs 
Were removed from the wells and stored in 10 ml 
of Tris-EDTA buller (as described above) at 4°C 
act genomic DNA for 
ion experiments. Dur: 
ing PFGE, intact circular bacterial chromosomes 
become caught in thy 
Whereas full-length linearized DNA, 
smaller DNA fragments, RNAs, proteins, 
any other char 
afer the detery 


psc and do not mi 


and 


od cellular molecules remaining 
nt and enzyme digestion were 


removed from the plug by electrophoresis (20). 
A SYBR gold (Molecular Probes)-stained 
pulsed-ticld gel (Fig. 1A) showed a band of 
DNA that had the sume electrophoretic mobility 
asa 1.125-Mb linear DNA size marker (about the 
same size as the M. myeaides LC genome), phis 
atthe position of the wells, which 


suggested that a farge amount of DNA was still in 
the plugs. Extensive digestion of the plug and the 
excised ~1.125-Mb band with Plasmid-Safe 


adenosine triphosphate (ATP) dependent 
se (DNase) (Epicentre Bio. 


dcoxyribonuch 
technologies) clearly degraded the excised 
1.125-Mb band (Fig. 1B), Plasmid-Safe ATP- 
dependent DNase digests linear double-stranded 
DNA to deoxynucleotides and, with lower effi 
ciency, closed-<ircular and fincar single-stranded 
DNA. The enzyme has no activity on nicked or 
closed-circular double-stranded DNA. of super 
coiled DNA. This is compatible with the presence 
of a large amount of circular genomic DNA in the 


plug. 
‘nome isolation, the amount of apparently linearized 
DNA in our preparations diminished 

We analyzed the plugs to confinn that the 
DNA encased in them was naked. Plugs loaded 
on SDS polyacrylamide gels after boiling in SDS 
n by silver staining 
Which indicated that the majority of the DNA was. 
naked (Fig, 2). In onder to make sure that the 
DNA was completely deproteinated dur 
genome transplantation, 
with detergent 
to liquid chromatog 
‘mass spectrometry (LC-MS/MS) on an ion-trap) 


As we became more experienced with 


showed no detectable prot 


treated 


nd proteinase K were subjected 


aphy followed by tandem 


mass spectrometer (2/), Five M. mycoides pep- 
ti 

arate plug, were identified (lable $1), Because 
LC-MSMS analysis is very sensitive and pro- 


es, each for a different protein and from a sep- 


vides excellent seq 
quantities ane extremely small, Only one peptide 
per protein was detected, which makes it high- 
ly unlikely that any undi 
present in these agarose pluy 
tion, we detected no M. mwa 
plugs not exposed to PFGE 
backyround in the samples run on PEGE of many 
peptides not encoded by M. mvenides LC 
as keratin peptides. All of these peptides, includ 
ing the five encoded by M. mycoides LC, could 
be contaminants introduced during the PFGE 
The final step in donor genome preparation 
entailed Tiberation of the DNA. from 


nce coverage, the peptide 


sted proteins were 
samples. In addi 
les LC peptides in 


There was also a 


such 
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neasement. Before transplantation experiment 
arose plugs containing M. mevides LC 
nomic DNA (before or after PFGE) were 
washed 2 times 30 min in 1 ml of 0.1 Tris. 
EDTA butler [Tris-HCI (2 mM) and EDTA (3 
mM) (pH 8.0)] with gentle 


was completely removed, and the agarose ply 
were melted at 65°C with 1/10th volume of 10: 
Bagarase buffer [10 mM bis Tris-HCl (pH 6.5) 
and 1 mM EDTA] for 10 min, The molten agar 
ose was cooked for 10 min to 42°C and incub 


tat the same temperature with 25 units 
arase 1 (New England Biolabs) per 100 uit 


ofp ontained 


of DNA (8 


1Oye 


Recipient Cell Preparation and Genome 
Transplantation Reaction Conditions 
We prepared the M. cupricolum recipient cells 
in a 6-ml culture of SOB medium (22 
fetal bovine serum and 0.5% glucose, 
jon was at 37°C until the medium pH 
was 6.2. Cells (5 to 50 = 107 cellsiml) were then 
spun ina centrifuge at 4575¢ for 15 min at 10°C 
As pl decreased from 7.4 10 6.2, regular ovoid 


M. capricolum cells changed shapes dramatical 


A Transplants and donor genome profiles 


B Untransplanted M. mycoides LC clones and wt M. capricolum 


Fig. 3. Southern blots of (A) 75 transplants and (B) 37 different M. mycoides LC filter clones. The 
blots were probed with 2 PCR amplicon that hybridized to the 151296 insertion sequences. 
Although different samples all had multiple copies of the 151296, they had slightly different 
patterns on the blots, which indicated movement of the element. For the transplants (A), the donor 
cell genomes are shown in the single lanes. As 2 control (B), Southern blots of recipient cells (wild- 
type Al. capricolum) are shown in the single lane. The 1S196 probe from M. mycoides LC genomic 
DNA was amplified by PCR using primers 1S1296P1F (AAGCGITTAGAATAGAAGGGCTA) and 


1S1296P1R (CTGAATIGIACAGGAGACAATCO). 
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ly. Cells became longer. thinner, and branched. In 
poor medium, inhibition of DNA replication due 
to nucleotide starvation is known to induce 
‘branching in ML. capricolum cells (23, 24). Cells 
‘were washed once [Tris 10:mM and NaCl 250 mM 
(pH 6.5)), resuspended with 200 yl of CaCls 
(0.1-M), and held on ice for 30 min, During that 
Period, 20 ul of Pragarase-treaed plues (SO neal) 
Were delicately transferred into 400 il of SPS 
medium without serum [SPS (-)}. with wide-bore 
{genomic pipette tips, and incubated 30 min at 
oom temperature. For the genome transplanta- 


tion, M. capricolum cells mixed with 10 jx of 
yeast transfer RNA (Invitrogen) were gently 
transferred into the 400 pl of SPS (-) containing 
20 ul of M. meoides LC whole-genomic DNA. 
‘An equal volume of 2+ fasion butler [Tris 20 mM, 
NaCl $00 mM, MgCl; 20 mM, polyethylene 
_zlycol $000 (PEG; USB Corporation no, 19959) 
10] was added, and the contents were mixed by 
rocking the tube gently for I min. Afler $0 min at 
37°C, 10 mlof'SP4 was added, and the cells were 
incubated for 3 hours at 37°C to allow recovery. 
Finally, cells were spun at 475g for 1S min at 


'M, mycoides LC-specitic monocional antibody (anti-VehL) 


‘M.caprcolum wi 


M.mycoudes UC 


anor cots 25-24 


Fig. 4. Colony hybridization of the Ml. mycoides LC (genome donor), ML. capricolum (recipient cell), 
‘and transplants from four different experiments that were probed with 2 polyclonal antibody specific 
for the Mt. capricolum VmcE and VmeF surface antigens or with monoclonal antibodies specific for 
the ML. mycoides LC VchL surface antigen (29). 
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10°C, resuspended in 0.7 ml of SP4, and plated 
on SPS agar plates containing 3 gil tetracycline 
and 150 jgiml X-gal (S-lxomo-t-chloro-3-indoly 
Bp-galactopyranoside). 

The plates were incubated at 37°C until large 
blue colonies, putatively ML mveoides LC, formed 
afier~3 days. Sometimes, afier~10 days smaller 
M. cxpricolum colonies, both blue and white, 
‘were visible, Thus, all of these colonies were 
tetracycline-resistant, as evidenced by their 
surviving the antibiotic selection, and only some 
expressed Bralactosidase. These colonies might 
be the result of recombination, We observed that 
these colonies appeared afier almost wie as 
‘many day's as ittook forthe transplants to become 
visible (25), Individual colonies were picked and 
grown in broth medium containing 5 yy/ml of 
tetracycline. During propagation, the tetracy- 
«line concentration was progressively inereased 10 
10 jg, When we first developed this technique, 
‘We subjectat all pgs to PFGE. Later, we found 
this step was unngcessiry, We observed no 
significant difference in transplantation yield as a 
result of PPGE of the plugs. 

Every experiment included two ney 
controls, To ensure thatthe ML. mycoides genomic 
DNA contained no viable cells, one control was 
processed exictly as described abuve except n0 
M. cupricolum recipient cells were used. 
italy, in another contr, M, cupricolum 
cells were mock-transplanted without any donor 
DNA. The results ofa series of experiments are 
shown in Table 1. No colonies were ever ob- 
served in controls licking recipient cells; thus, 
the donor DNA was fee of any viable eontam- 
inating ML mycnides LC cells. When donor DNA 
and recipient cells were both present, fom 110 
100 putative transplants were obtained in 
individual experiments. As we became more ex- 
perienced with this technique, the yield of 
transplant colonies increased. 


Analysis of Putative Transplants 
The blu, tetracycline-resistant colonies resulting 
fiom M. mvvoides LC genome transplantation 
‘were to be expected if the genome was success 
filly transplanted, However, colonies with that 
phenotype could also result from recombination 
ofa fiagment of M/ mvoides LC genomic DNA 
containing the fetM and lacZ genes into the 
AML capricolum genome. To rule out recombina- 
tion, we examined the phenotype and genotype 
of the transplanted clones. 

Genotype analysis, We analyzed. several 
transplant clones after synthesis with the poly- 
‘merase chain reaction (PCR) using primers spe- 
cific for each species to determine whether the 
Putative transplants had M. mycoides LC se- 
quences other than the selected retMf and lacZ 
marker genes. We used PCR primers specific 
for 51296 insertion sequences, which are present 
in 11 copies in the sequenced M. mycoides LC 
genome, but are absent in the M. capricolum weo- 
‘nome. Similarly, we used PCR primers specific 
for the ML. cupricolum arginine deiminase gene, 
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which is not present in M. mycoides LC, The 
181296 PCR produced an amplicon only when 
the template was the V, mycoides wild-type strain 
‘or was one of the transplanted clones. Similarly, 
the M. cupricolum arginine deiminase PCR wen- 
erated an_amplicon with the ML cupricolum 
template DNA, but not with the M. moles LC 
wild-type DNA or DNAs from transplant clones. 
‘The PCR experiments left open the possibility 
that fragments of the ML mycoides LC genome 
containing an 1S 1296, the retMf gene, andthe lacZ 
‘gene had recombined into the M. capricolum 
genome in such a way that they destroyed the 
arginine deiminase gene (fig. S1), A. mone eon- 


A M. mycoides LC - genome donor 


pas 65 


vVincing genotypic analysis that looked at the 
‘overall genome used Southern blot analysis of 
‘the donor and recipicnt mycoplasmas anda series 
‘of putative transplants. Genomic DNA fron each 
of those species was digested with the restriction 
enzyme Hind I and run on a 1% agarose gel 

Southem blots were prepared and probed with 
151296 sequences. As expected, no probe hybrid- 
ized to the wild-type MI. cupricolinn lane (Fig, 3A), 

We did this analysis on every transplant we ob- 
tained, as well as a series of M- mvvoides LC 
clones (Fig. 3B). Analysis of Souther blots of 
37 wikl-type MM. mvenides LC clones and 75 pu- 
tative transplants showed that 34 (92%) and 44 


D WM mycoides LC acetate kinase score 797 


2 MILVINSOSSSIKRLPOTSKTIEVILOSLAESIG 


Fig. 5. Proteomic analysis. Two-dimensional gels were run using cell lysates from (A) M. mycoides LC, 
(B) M. capricolum, and (C) a transplant clone (11.1). Standard conditions were used for the separation 
of protein spots in the first dimension on immobilized pH gradient (IPG) strips (pH range 4 to 7) and in 
the second, SDS-PAGE, dimension (molecular mass 8 to 200 kD) (30). The gels were stained with 
‘Coomassie brilliant blue G-250, and 96 spots were excised from each of the ges. Spots 71 (A), 23 (B), 
‘and 8 (C) were identified as acetate kinase. (B) ML copricolum acetate kinase showed a clear alkaline pH 
shift. The sequence coverage map for trypsin-digested peptides obtained from MALDI-MS peptide mass 
fingerprint (PMF) data localizes peptide sequences of acetate kinase [spot 8 (C)] matching mass/charge 
ratio (m/z) values in the PME. Peptide sequences in red were identical to the two Mycoplasma species; 
Peptide sequences in blue were unique to AL. mycoides LC. 


(59%), respectively, were essentially identical to 
the AM. meoides LC donor DNA blot; the rest 
showed variations in the banding patterns, We 
assume tht variation was the result of IS element 
transposition. We hypothesize that mobility of | 
the 151296 clement may be somewhat sup- 
pressed in ML, mrenides LC eells, However, there 
may be no suppression of transposon mobility 
immediately following introduction of the donor 
‘genome into the M. capricolum cytoplasm, This 
is evidence of a transitional period when the 
M. mycoides LC donor genomes reside in a cel- 
Jular milieu whose Af capricolum content is ini- 
tially high, but diminishes with each cell divisio 
Next, we did sample sequencing of whole- 
genome libraries generated from two transplant 
clones, Our analysis of more than 1300 random 
sequence reads from the genome of each clone 
Gotaling ~1.09 million bases for each clone) 
showed that all reads matched MI. mycoides LC 
sequence (26), We eannot rule out the possibility 
that small regions of the donor genomes recom 
bined with identical regions of MM capricolum 
recipient cell genome; however, those regions 
‘would be very small, There are 20 identical 
regions of between 395 and 972 base pairs. The 
above results were all consistent with the 
hypothesis that we have successfully introduced 
M. mvoides LC genomes into M, eapricolum 
followed by subsequent loss of the capricolum 
‘genome during antibiotic selection, 

Phenotype analysis. We examined the 
phenotype of the transplanted clones in two 
‘ways In ane, we looked at single-zene products 
characteristic of each of these two mycopkismas, 
Using colony-Westem blots, we probed donor 
andl recipient cell colonies and colonies from four 
different transplants with murine antibodies 
specific for the M, capricolum Vine and Vine F 
surface antigens and with murine antibodies 
specific for the AM. micoides LC VehL. surface 
antigen. In both assays, M. meaides LC Veh 
specific antibodies bound the transplant blots 
with the same intensity as it bound the Mf 
ammeoides LC blots (Fig. 4). Similarly, the anti- 
boas specific forthe ML cupricolin Vine: and 


100] 


‘Transplant colones 
B88 8 


o 0 
|M mycodos LC genomic DNA (ng) 
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Fig. 6. Genome transplantation as a function of 
the amount of M. mycoides LC genomic DNA 
transplanted. Transplant colonies were observed 
‘on two different plates. We observed no colonies 
‘on either the no-recipient-cell control or the mock- 
‘transplanted control plates. 
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\VineF did not bind the to the transplant blots. In 
the second, proteomic analysis, cell Iysates ofall 
three strains were examined by using differential 
display in two-dimensional electrophoresis (2-DE) 
gels, followed by identification of proteins spots 
With matrix-assisted laser desorption ionization 
(MALDI) mass spectrometry. The 2-DE spot 
pattems of the AM. myeoides LC and the trans- 
planted clone were identical within the limits of 
2-DE; however, the M. cupricolum 2-DE spot 
pattems were very different, More than 30% of 
the respective spots could not be matched among 
the gels (Fig. 5, A to ©). More evidence was 
gained fiom MALDIMS data thatthe transplant 
proteome was identical to the M. mycoides LC 
proteome and did not have any M. eapricolum 
features. For nearly 90 identified spots of the 
transplant, confidence scores obtained with the 
Mascot algorithm were invariably equal or higher 
for M. mycoides LC than for M. capricolum 
proteins, despite high sequence homologies: 
although there were nine protein spots with con- 
fidence scores that indicated they were derived 
from M. capricolum genes, each ease proved to 
be an artifact of either sequencing errs oF gene 
ion ertors (table S2), As an ex- 
ig. SD viswalizes peptides in acetate 
kinase matching only the sequence of the respec 
tive M. myeoides LC protein. Thus, the phenotypic 
assays affirmed that the transplants. were likely 
M. mycoides LC and were not the result of 
M.capricolum-M. mycoides LC mosaic prxtuced 
by recombination between the donor and recipient 
cell genomes afier the transplantation of the 
M. mycoides LC genome and before the two 
‘genomes sopregate during cell division. 


Optimization of Genome 

Transplantation Efficiency 

To determine what factors govem genome 
transplantation efficiency. we varied the number 
of M, capricalum recipient cells and the amount 
of M. mycoides LC genomic DNA used in 
transplantation experiments. Transplant yield 
was optimal when 107 to $ % 107 cells were 
used. Atlower donor DNA concentrations, there 
\was a linear relation between the amounts of 


Yields began to plateau at higher donor DNA 
tions (Fig. 6) 


Concluding Remarks 

‘These data demonstrate the transplantation of 
\whole genomes from one species to another such 
that the resulting progeny are the same species as 
the donor genome. However, they do not explain 
the mechanism of the transplant. This is not 
natural DNA transformation, where linear DNA 
centers the cytoplasm and recombines into the 
resident chromosome. Our genome transplanta- 
tion does not entail recombination, and our donor 
molecule is circular. tn addition, our recipient my~ 
coplasma cells have not been shown to be com 
petent for natural transformation, norare any DNA 
uptake genes identified in the M. eapricolum 


genome. We presume that organisms canying 
‘both donor and recipient cell genomes occurred at 
Teast transiently at carly times after transplantation, 
‘Only 1 recipient cell in ~150,000 was transplanted 
in our most efficient experiments. This. low 
efficiency has so far prevented a demonstration 
of transient mosaicism. Although our donor and 
recipient are distinct species, they are phylogenet- 
ically close relatives. Genome transplantation 
works for the species we have chasen, but we do 
not know for what other species it will work. 

Because mycoplasmas are similar to mam 
malian cells with respect to their lack of a cell 
wall, we experimented with a series of ap- 
[proaches that are effective for transferring large 
DNA. molecules into cukaryotic cells. These 
included cation- and detengent-mediated trans- 
fection, electroporation, and compaction of the 
donor genomes using various cationic agents. 
None of those approaches proved effective for 
whole-genome transplantation (sce SOM). Our 
PEG-based method may be akin to PEG-triven 
cell fusion methods developed for cukaryotic 
cells. To test this hypothesis, two parental strains 
of M. capricolum, one camying a fet marker in 
the chromosome and the other one with the 
chloramphenicobresistance marker (CAT) in a 
stable ORC plasmid, were both prepared as 
“recipient” cells, mixed, and incubated in the 
[presence of the fusion buffer as described above 
for transplantation experiments. We plated cells 
‘on SPS agar containing both tetracycline (3 4g ml) 
and chloramphenicol (50 jxg'ml). Inthe presence 
of 3% PEG, we obtained progeny resistant to 
‘both antibiotics. No colonies grew in the absence 
of 3% PEG. The number of colonics increased 
~30 times when we pretreated cells with CaCl. 
Sequencing analysis of 30 clones showed that all 
had both the te and CAT markers in the cells at 
the expected chromosomal and plasmid loca- 
tions. Thus, we concluded that with our PEG 
based method, M. capricolum cells fuse. Those 
results agree with membrane studies by Rottem 
and colleagues demonstrating that fusion of 
M. capricolum cells is maximal in $% PEG (27). 
Gene transfer into Mrcoplasma pulmonis was 
also mediated by PEG at concentrations likely 10 
fuse cells, albeit only small DNA segments are 
transfered (28), We can imagine that, in some 
instances, the cells may fuse around the naked 
M. mycoides LC genomes. Those genomes, now 
encapsulated in M. capricolum cytoplasm, ex- 
press the ‘etM protein, which allows the large 
fused cells wo grow and divide once plated on the 
PS agar containing tetracycline. Cells lacking 
the M. mycoides genome do not grow. Even- 
tually, now, in the absence of PEG and through 
‘8 process of cell division and chromosome seg- 
regation, normal, albeit tetracycline-resistant, 
B-galactosidase producing M. mycoides cel 
‘produce large blue colonies on the plate, This basic 
approach of PEG-mediated genome transplanta- 
tion may allow other species to be transplanted 
‘with mked genomes containing antibioc-esistance 
genes, 
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Some bacterial cells have multiple large 
chromosomes. This suggests the existence of 
natural mechanisms for chromosome transfer 
between species. However, we have no evidence 
that genome transplantation as described here 
‘occurs in nature, We observed that in the absence 
of tcatment with detergent and proteinase K, 
nucleoids from M. micoides LC cells would not 
produce transplants. Given the improbability of 
the natural occurence of free-floating, bacterial 
‘genomes that are both deproteinized and intact, 
‘genome transplantation could be a phenomenon 
unique to the laboratory. Still, we have dis- 
covered a form of bacterial DNA transfer that 
pemnits recipient cells to be plationns for the 
production of new species with the we of 
‘modified natural genomes or manmade genomes 
generated by the methods being developed by 
synthetic biologists. 
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Quantum Hall Effect in a 
Gate-Controlled p-n Junction 


of Graphene 


J. R. Williams,? L. DiCarlo,” C. M. Marcus?* 


The unique band structure of graphene allows reconfigurable electric-field control of carrier type 


‘and density, making graphene an ideal « 
realization of a 


\didate for bipolar nanoelectronics. We report the 
e-layer graphene p-n junction in which carrier type and density in two adjacent 


regions are locally controlled by electrostatic gating. Transport measurements in the quantum Hall 
regime reveal new plateaus of two-terminal conductance across the junction at 1 and ¥2 times the 
‘quantum of conductance, e/h, consistent with recent theory. Beyond enabling investigations in 
condensed-matter physics, the demonstrated local-gating technique sets the foundation for a 


future graphene-based bipolar technology. 
iphene, a singk-layer hexagonal lattice 
Gist ete 
ascinating system for fundamental 
studies in condensed-matter physics (/), as well 
as a candidate for novel sensors (2. 3) and 
postsilicon electronics (4-10). The unusual band 
structure of single-layer graphene makes it a 
zero-gap semiconductor with a linear (photon- 
like) energy-momentum relation near the poi 
\where valence and conduction bands meet. Car- 
rier type—electron-like or holelike—and density 
be controlled by using the electric-field ef 
fect (/0), obviating conventional semiconductor 
for instance via ion implantation. This 
Via local gates, would allow 
_gnaphene-based bipolar technology devices com 
prising junctions between holelike and electron- 
like regions, or p-n junctions, tobe reconfigurable 
ng only gate voltages to distinguish p» (hole- 
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Tike) and m (electron-lke) regions within a single 
sheet. Although global control of carter type and 
density in graphene using a single back gate has 
been investigated by several groups (1-13), 
local control (8. 9) of single-layer graphene has 
remained an important tect 
stone. In addition, p-n junctions are of great 
terest for low-dimensional condensed-matter 
physics. For instance, recent theory predict 
that a local step in potential would allow solid- 
state realizations of relativistic (Klein) tunnetin 
(14, 15) and a surprising scattering effect known 
as Veselago lensing (/6), comparable to scatter 
ing of electromagnetic waves in negative-index 
materials (17). 
We report the realization of local top gating 
a single-layer graphene device that, combined 
With global back gating, allows individual control 
of carrer type and density in adjacent regions of 
a single atomic layer. Transport measurements at 
‘zewo perpendicular magnetic field B and in the 
{quantum Hall (QH) regime demonstrate that the 
functionalized aluminum oxide (ALOs) sepa- 
rating the graphene from the top gate does not 
significantly dope the layer nor affect its low- 


fiequency transport properties, We studied the 
QU signature of the graphene pon junction and 
found new conductance platcaus at 1 and 33°7, 
consistent with recent theory addressing equili- 
bation of edge sates atthe p-n imterface (18). 
Graphene sheets were prepared vin mechian- 
ical exfoliation using a method (19) similar to 
that used in (/0), Graphite flakes were deposited 
«on 300 nm of SiO. on a degenerately doped Si 
substrate, Inspection with an optical microscope 
allowed potential single-layer regions of graphene 
oloration that 
1A), 
These micrometer-sale regions were contacted 
‘with thermally evaporated TW/Au (5/40 nem) that 
was pattemed using eleetron-beam lithography. 
Next, a ~30-nm layer of oxide was deposited 
top the entire substrate. As illustrated (Fig. 1B), 
the oxide consisted of two pats, a nonconvalent 
fanctionalization layer (NCFL) and Os. This 
‘deposition technique (19) was based on a recipe 
successfully applied to carbon nanotubes (20). 
‘The NCFL serves two purposes. One is to create 
noninteracting layer between the graphene and 
the Al,Os, and the sher sto oan lye thats 
cataly n of ALOy 
by atomic layer deposition (ALD). The NCFL 
synthesized by $0 pulsed eyeles of NOs and 
trimethylaluminum (TMA) at room temperature 
inside an ALD reactor. Next, five eyeles of Ha0- 
TMA were applied at room temperature 10 
prevent desorption of the NCFL, Lastly, ALO 
‘was grown at 225°C with 300 H0-TMA ALD 
eycks. To complete the device, a second step of 
ectron-beam lithography defined a local top 
gate (5/40 nm TVAu) covering a region of the 
Sevice that includes one ofthe metallic contacts, 
‘A completed deviee, similar in design t0 that 
shown in the optical image in Fig. 1A, was 
cooked in a *He3 refrigerator and characterized at 
temperatures Tof 250 mK and 42 K. Diflerential 
resistance, R= dV, where isthe current and 1 
the source-drain voltage, was measured by 
ssandard lock-in techniques with a current bias 
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fT 1Agge tt 95 He for T= 250 mK and 10 Amon 
@* @o on oc 4 facT=42K. Thevoliag: scroes two conticisoh 
the device, one outside the top-gate region and 
‘one undemeath the top gate, was measured ina 
four-wire configuration, eliminating series resist 
ance of the cryostat lines but not contact resistance. 
‘Contact resistance was evidently low (~1 kohm), 
and no hackzrounk! was subjracted fom the data 
‘A schematic of the device is shown in Fig, 
‘The differential resistance, R, asa function of 
back-gate voltage, Ngg, and top-gate voltage, 
Vygqat B= 0 (Fig, 2A) demonstrates independent 
contol of carrer type and density inthe two re- 
gions, This two-dimensional (2D) plot revea 
skewed, crosslike pattem that separates the spice 
of top-gate and back-gate voltages into four 
rants of welldefinad carer type in the two 
gions of the sample, The horizontal and diagonal 
ridges comespond to change neutrality, ic., the 
Dirac point, in regions 1 and 2, respectively. The 
slope of the change-neutral line in region 2, along. 
with the known distances to the top 
sate gives a dvketrc constant x ~ 6 for the fa 
tionalizal AkOs. The oenter of the eras at (Fy, 
Va) ~ 02 Vy -25 Vp comespands to cha 
‘neutrality across the entire graphene sample, Its 
proximity to the origin of gate voltages demon- 
‘strates that the fisnctionalized oxide does not chem- 
ically dope the graphene substantially, 
‘Slices through the 2D conductance plot at fixe 
gare shown in Fig. 2C. The slice at yg," 0 
Fig. 1. (A) Optical micrograph of a device similar to the one measured. Metallic contacts and top single peak commonly observed in devices 
gate appear in orange and yellow, respectively. Darker regions below the contacts are thicker With only a pla buck gate (0/3), By using a 
‘graphite from which the contacted single layer of graphene extends. (B) llustration of the oxide Drale mexlel away from the chiarge-neutaity re 
deposition process. A noncovalent functionalization layer is first deposited with NOz and TMA (SO gion, we estimated mobility at ~7000 em? /Vs (7), 
‘ycles), and ALO is then grown by ALD using Ha0-TMA (305 cycles yielding ~30-nm thickness). The peak wid, height, an back-gate position are 
(© Schematic of the device measured in this experiment. consistent with single-layer graphene (/7-13) and 


zo! 980 Fig. 2. (A) Two-terminal differential resistance & as a function of 
11 Veq and Vqg at B = 0 and T= 4.2 K, demonstrating independent 
control of cartier type and density in regions 1 and 2. Labels in 
each of the four quadrants indicate the carier type (first letter 
Indicates cartier type in region 1), (B and ©) Horizontal slices at 
Voc and vertical slices at Vig: settings corresponding to. the 
colored lines superimposed on Fig. 2A. (D) /-V curves atthe gate 
voltage settings corresponding to the solid circles in Fig. 2A are 
representative of the linear characteristics observed everywhere 
in the plane of gate voltages. 
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provide evidence that the electronic structure and 
degree of disorder of the graphene are not strongly 
allected by the oxide. Slices at finite Hyg reveal a 
doubly peaked structure. The weaker peak, which 
ramains near Vag ~ -2.5 Vat all Fxg, corresponds 
to the Dirte point of region 1. The stronger peak, 
\Which moves finearly with Fg i the Dirae point 
for region 2. The difference in peak heights is a 
consequence of the different aspect ratios of 
regions | and 2, Horizontal slices at fixed Vgg 
‘corresponding to the horizontal fines in Fig. 2A 
are shown in Fig. 2B. These slices show a single 
peak, coresponding to the Dirac point of region 2 
This peak becomes asymmetric away fiom the 
ccharge-neutrality point in region 1. We note that 
the Figg dependence of the asymmetry is opposite 
to that observed in (9), where the asymmetry is 
in greater detail. The changing background 
resistance results fiom the different density in 
region | at each Vag setting. Curent-voltage (1) 
characteristics, measured throughout the (rg. 
ya) plane, show no sign of rectification in any 
‘of the four quadrants oF at either of the charge 
neutral boundaries between quadrants (Fig. 2D), 
fas expected for refletionless (Klein) tunncling at 
the pu interface (14,15). 

In the QH regime at lange B, the Dirsc-tike 
‘enengy spectrum of graphene gives rise to a char- 


acteristic series of QH plateaus in conductance, 
reflecting the presence of a zew-eney Landay 
level that includes only odd muiipkes of 27h (that 
i5,2, 6, 10...» eh) for uniform carrer density in 
the sheet (27-23). These plateaus can be under 
stood in terms of an odd number of QH edge states, 
(including a zoro-cnergy edge stake) atthe edge of 
the shot, ciculating in a direction determined by 
the direction of B and the carer type. The situation 
is somewhat more complicated when varying local 
density and camicr type across the sample. 

‘A.2D color plot of differential conductance 
4° VRasa function of Vag and Vyg at B= 4T is 
shown in Fig. 3A. A vertical slice at Haq = 0 
through the pop and nn quadrants (Fig. 3B) 
reveals conductance platcaus at 2, 6, and 10c7/h 
both quadrants, demonstrating that the sample 
single layer and that the oxide does not sig- 
icantly diston the Dirac spectrum, 

QH features are investigated for differing 
filling factors vj and v3 in egions 1 and 2 of the 
‘graphene sheet. A horizontal slice through Fig, 
3A at filling factor vy ~ 6 is shown in Fig. 3C. 
‘Starting from the sn quadrant, plateaus ane 
observed at 67/h and 22% at top-gate voltages, 
comesponding 10 filling factors v2 = 6 and v 
respectively. Crossing over to the n-p quadrant by 
further decreasing zg. 3 new platcau at 33% 


ni 


Fig. 3. (A) Differential conductance g a5 a function of Vig and Veg at 8 = 4 and T= 250 mK. () Vertical 
‘tice at Vig = 0, traversing p-p and n-n quadrants. Plateaus are observed at 2e"/h and 6e"/h, the QH signature 
‘of single-layer graphene. (C) Horizontal slice at vy = 6 showing conductance plateaus at 6, 2, and 32°. (D) 
Horizontal slice at v2 showing QH plateaus at 2, 1 and 32"/. (E) Table of conductance plateau values a5 2 
function of filing factors calculated with Eqs. 1 and 2. Black, purple, and red lines correspond to slices in (B), 
(©, and (D), respectively. (F) Schematic of countercirculating edge states at filling factors vx = —v2 = 2. 


appears for v2 = -2. 6 region, no 
lear QH plateau is observed. Another horizontal: 
slice at vy =2 shows 2e7/h plateaus at both v: 
and v2 = 2 (Fig. 3D). Crossing into the np 
quadrant, the conductance exhibits QH plateaus 
at Le7%h for v2 = ~2 and near 32% for v2 = 6, 

For v; and v2 of the same sign (n-n oF p-p), 
the observed conductance plateaus follow 


= min(\yy\,\va)) * 2e2/h— (1) 
‘This elation suzgests that the edge states common 
40 both regions propagate from source t0 drain, 
‘whereas the remaining vy~ va! edge states in the re- 
sion of highest abyolute filing factor circulate 
intemally within that region and do not contibute 
46 the conductance. This picture is consistent with 
‘known results on conventional 2D electron gas sys- 
‘ems with inhomogencous electron density (24-26) 

Recent theory (/8) adresses QU transport for 
filling factors with opposite sign in regions 1 ancl 
2 (rp and pun), In this case, countercireulating 
tadge states in the two regions travel in the same 
¢ pen interface (Fig. 3), which 
presumably facilitates mode mixing between 
parallel traveling edge states, For the case of com- 
‘lete mode mixing, that is, when current entering 
the junction region becomes: 
among the vyt\v2) paral 


jv 
aC) 


A table of the conductance plateau values 
given by Eqs. | and 2 is shown in Fig. 3B, 
Platcau values at 12h for vy = vy = 2-and at 
32° for vy = 6 and v2 ~2 are observed in the 
experiment. Notably, the 2°% plateau sug- 
gests uniform mixing among four edge stages 
(dee from region and one from region 2), At 
observed conductance plateaus are also seen at 
T= 4K and for B in the range from 4 10 8 T 
[Supporting Online Material (SOM) text} 

We do find some departures between the 
Hand 2, as rep 
resented in the grid . For instance, the 
platcay near}2" in Fig, 3D is seen ata value of 

1.42 /h and no clear plateau at 3 /h is observed 
for vy = -v2 = 6 We speculate that the 
conductance in these regions being lower than 
their expected values isan indication of incam- 
ple mode mixing. We also observe an un- 
expected peak in conductance ata region in gate 
voltage benween the two Le plateaus at vy = 
= 2. This rise in conductance is clearly seen 
far Vag. values between ~1 and 2 Vand Ving 
values between ~-$ and -2 V. This may result 
finan the possible existence of puddles of elee- 
trons and holes near the charge-neutrality points 
of regions | and 2, as previously suggested (27). 
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Quantized Transport in Graphene p-n 
Junctions in a Magnetic Field 


D. A. Abanin and L. 5, Levitov* 


Recent experimental work on locally gated graphene layers resulting in p-n junctions has revealed the 
‘quantum Hall effect in their transport behavior. We explain the observed conductance quantization, 
‘which is fractional in the bipolar regime and an integer in the unipolar regime, in terms of quantum 
Hall edge modes propagating along and across the p-n interface. In the bipolar regime, the electron 
and hole modes can mix at the p-n boundary, leading to current partition and quantized shot-noise 
plateaus similar to those of conductance, whereas in the unipolar regime transport is noiseless. These 
‘quantum Hall phenomena reflect the massess Dirac character of charge carters in graphene, with 
Particlerhole interplay manifest in mode mixing and noise in the bipolar regime. 


dimensional sheets. of graphite (2), in 
particular the high camier mobility and 
tunability of transport characteristics, make this 
material attractive for applications in nanoelec 
tronics (2, 3), Various methods have been 
developed for patteming graphene sheets into 
prototype devices such as quantum-dot transis- 
tors (7) and nanoribbons (4, 5), followed by the 
demonstration of local control of carier density 
inva graphene sheet (6). Besides possible device 
applications, graphene junctions are predicted to 
host new and exiting phenomena reflecting the 
massless Dirac character of caries in this materia, 
such as Klein tunneling (7), particle collimation 
(8), quasibound states (9), and Veselago lensing 
(ZO). tn addition, interesting phenomena are ex- 
pected in gated graphene bilayers, where fickl- 
effet transport can be induced by tuning the gap at 
the Dirac point (/7). These applications make the 
gating of graphene a topic of great interest. 
Recently, a graphene p-m junction with indi- 
vidual control of carier density in two adjacent 


T: transport properties of graphene [twor 
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ragions with a pairof gates above and below it was 
reported (/2). The density in each region could be 
Varied across the neutrality point, allowing pn, 
_p-p. and ren junetions to be formed at the inter- 
face. The interface width was quite small, owing 
to the 30-nm distance to the top gate and its shamp 
edge. Transport measurements, cartied out in the 
uantized Hall eflect (QHE) regime at magnetic 
fiekls 3 T< B <8. revealed ohmic two-terminal 
‘conductance taking quantized values 2 = 6 
and | in the units of conductance quantum </h, 
Where / is Planck's constant. The QE plateaus 
with g = 2 and 6 were observed in the unipolar 
regime, whereas the quantized platcaus with = 
1 and 32 of similar quality were observed in the 
bipolar regime. Whereas conductance of 6¢*h 


and 2% is a hallmark of the integer QUE in 
graphene (/3, 4), quantized conductance values 
of 2 and | are unusual and eall for explanation. 
We interpret these observations by linking them 
to the propertis of the Diraclike caters, which 
ive rise to bipolar clxetron and hole QHE ed 
rmndesat the p> interface (Fig. 1). The behavior at 
thei y 
the theory of quantum-chaotic 
Although in our ease the edge modes cany charg 
along the pn interface all in the same die 
chiral rather than chaotic fashion), we argue 
imtermode scattering within the p-n interface re- 
sce gives rise to dynamics with features analo- 
s0us to these known for quantun-chaoti systems 
In this analogy, the QU the sample 
foundry play the role of perfect lead channels of 
chaotic quantum dots (7, 16), bringing charge 0 
the pon interface ann carrying it away into reser 
woirs However, several physical effots causing 
conductance fluctuations in chaotic dots are absent 
in our ease keaing to quantization of two-temninal 
ceonductance not known forthe dos. In particular, 
the effoctive lad channels are quantized more per= 
foxtly than in the dots, owing to backscattering 
suppression in QUE transport. In addition, the 
<quantum-mechanical interference effects, which 


averaging, as well as dephasing 
electron scattering, Other eflects that 
the edge-state transport at the jum interface are 


Fig. 1. Schematic of 
‘QHE edge states for the 
(A) bipolar regime and 
(B) unipolar regime of 2 
‘graphene junction. In (A), 
the edge states counter- 
circulate in the n and p 


A > 


< 


yo | yo 


regions, bringing elec- 


trons and holes from different reservoirs to the p-n interface. Mode mixing at the interface leads to 
the two-terminal conductance (Eq. 1). In (B), because the edge states circulate in the same direction 
without backscattering or mixing, conductance is determined by the modes permeating the whole 


system, g = min(ivaLiv2). 
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intermode relaxation and coupling to electronic 
states in QHE bulk, causing dephasing in a man- 
to that of the voltage-probe model (2/) 


they will manifest themselves differ 
cently in other characteristics, in particular in elee- 
tron shot noise (22), which can be usad for detailed 
characterization of transport mechanisms. 
Because of particlehole symmetry of eartiees 
pene, the QHE in this material occurs 
xtrically about the neutrality point at the 
densities v= +2, 26, £10... (3, 14). In cach of 
these quantized states, there are 11 = \vi edge 
modes propsigating indifferent directions at v>0 
andy <0 23, 24), For the bipolar case, assuming 
‘QUE at densities vy > 0 and v> < 0 on either side 
Of the boundary, this wives vy) and v2! edge 
modes circulating in opposite dircctions that 
merge to form multimode adge state atthe po 
interface (Fig. 1), These modes supply w the 
pon interface parties from both the nm and p 
reservoirs. Aer propagating together along the 
interface, these particles arrive at the sample 
boundary where they are ejected into the edgy 
modes, which split up and retum to reservoirs 


Fig. 2. Two-terminal 
conductance versus gate 
voltage, given by Eq. 1 in 
the bipolar case (v, > 0, 
V2 < 0) and by Eq, 2 in 
the unipolar case (v2 of 
equal sign) The bounda- 
ries of QHE regions are 
specified by vx = 0, 24, 
+8... with the gate volt 
age dependence of v1.2 
given by Eq. 3. The pa- 
rameters used are as fol- 
lows: distance to the top 
‘gate h = 30 nm, distance 
to the back gate d = 300 
‘im, magnetic length le = 
10 nm, and dielectric 
constant « = 3, 


Bottom gate V5 


Fig. 3. Shot-noise Fano 
factor (Eq. 8) plotted 
versus gate voltages for 
the same parameter 
values as those in Fic 
2. The noise is zero in 
the unipolar regime (p-p 
or mn), reflecting the 
absence of QHE edge- 
state backscattering and 
‘current partition at the 
junction interface. In the 


‘The observed conductance quantization can 
be readily explained by assuming full mixing 
‘of these modes at the p-n interface, so that for 
cach particle the probability to be ejected into 
any of the N= vy) + vz modes equals py = UN. 
imespective of its origin, The two-temninal con- 


<ductance is then obtained by multiplying pry by the 
numbers of the modes, 
wal Hu 
8m =D he » 
where 2, 26, 10... This agrees with the 


‘observed quantized values (/2) (Fig. 2). 
ransport in the 
Unipotar regime is qui In this case, n-n 
‘or pp. the edge modes in both regions circulate 

the same direction. As a result, some modes 
are coupled to both reservoirs, whereas the others 
are connected to only one of the reservoirs (F 
1B). With ba g suppressed by QHE 
the conductance across the boundary is solely 
to those edge modes that permeate the 
system, making contact with both reservoirs 


po 


os 0 (OS 
Top gate V, (V) 


bipolar regime, because 
of edge mode mixing at 10 Noiseless regime, Fa po 
the p-n interface, noise 
is finite, exhibiting 2-15 
quantized plateau struc- 
ture similar to that of 
ite a eC a 
Top gate V,(V) 
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This gives the observed nonclassical conduct- 
ance values 
6,10... (2) 


Sen = Spp = min(|v4),v2|) = 


where v2 = #2, 46, £10... in agreement with the 


Known results for the quantized conductance of 
constrictions hetwoon different QUE sates (25, 26) 
‘The nondissipative character of transport in the 
me (Eg. 2), ruling from suppressed 
wg, can be revealed by measur 
In the absence of curent partitioning 
sample, we expect only thermal Johnson-Nyquist 
2okaT (where Ay. is the Boltzmann 
constant and T's temperature) in this regime, but 
no shot-noise contribution (Fig. 3) 
The conductance values given by Eqs 
1 occur in a particular pattem (12) that can be de- 
seribed as follows (Fig. 2) Electron density in 
szaphone indvoed by the back wate ism ~ (xe) 
Tid, whore d isthe distance to the gate, Vy the 
voltage on it and x i the disletric constant 
Similar, inthe leally gated region we have 
(site KFivd Vl, where hand Vane the distance 
to the tp gateand the voltage on it, For the Landa 
Jevel filling factors v1.2 = (e‘eByn,2 we find 


nside the 


noise S 


Weld, 


2e\(Vo/d + Ml) (3) 


Where (pis the magnetic kength, The values I and 
V7, comesponding to integer QHE states, are inside 
parallelogram with the boundaries approximately 
given by vi2= 0, °4, 2X... a appropriate for the 
fourfold degenerate graphene Landau levels 
(13.14). The resulting conductance pattem, shown 
in Fig. 2 istic parameter values, strikingly 
resembles the experimental results (/2), 

How is the conductance in Eq. 1 affected 
by quantum-mechanical interference effects? 
Random-matrix theory (RMT) of chaotic trans 
port pradicts (/5, 16) ensemblestveraged con- 


ductance £ = nyngny + my + 1 ~ 2/8), where 
is the open channel number and [b= 1, 2, or 4 for 
the throe random-matrix universality classes. In 


‘our QHE case, with the channel numbers 1.2 
via and B=2, RMT predicts that 
to Eg, 1. Similarly, a semiclassical descripti 
transport in chaotic cavities (17), where m 
due to the dynamics in the cavity, yields con- 
ductan 


¢ classical result for 


‘wv0 conductors connected in series, 
To clarify the origin of the mode mixing at 
the par interface, we studied electron-tensty 


distribution for the gate geometry used in (/2) 
merical solution of the Laplace problem for 
al in between the gates 
ty step is about 40 nm 
wenetic length 


An 
the electrostatic poten 

revealed that the par den 
a few times larger than the n 
at B= 8 T. Comparison to the known results (27) 
for a compressible region sandwiched between 
incompressible regions then suguests the pres- 
ence at the p-n interface of additional QHE 
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modes which, in the presence of disorder, can 
facilitate interchannel scatering and mixing. 

In the flly coherent regime, conductance would 
‘exhibituniversa fluctuations (UCF). The magnitude 
(of UCF predicted for chaotic transpoxt (20) in our 
‘ease depends on the channel numbers as follows 


pu? 
fart 


var(g) (4) 


(iva) + |val)® 


(ul + 


Applied to the observed plateaus with (v1.v2) = 
(25-2), 2-6, and (6,-2), Eq, 4 indicates that these 
plateaus would not have been discemible ina system 
\ith filly developed UCE. We therefore conchide 
thatthe observed quantization of dependson some 
mechanism that suppresses UCF. For example, the 
suppression could easily be understood if Thoukess 
‘energy forthe states at the pr interface was small 
as compared with fy7. The reduced UCF woukl 
then result from averaging over the AT enerzy 
interval, However, the plateaus in (/2) remain 
Uunchanged when the temperature is reduce! from 
4 K to 250 mK, making such a scenario unlikely, 

‘The UCF suppression may signal a fundamn- 
tal departure of chiral QHE dynamics fiom that of 
the earlicrstudied systems. However at this point 
we cannot exclude other, more mundane explr 
nations. In paaticuls, time-dependent fluctuations 
‘of system parameters can supercede mesoscopic 
uctuations, tuming the observed time-averaged 
‘quantities into ensemble-averaged quantities, This 
selfaveraging could arise naturally because of a 
‘uctuating electric field at the p-m interface in- 
duced by voltize noise on the gates. Another, 
more interesting explanation could be that UCF 
suppression indicates the presence of dephasing 
due 10 the coupling of the chiral moxkes t the 
localized states in the bulk, oF some other intrinsic 
mechanism, 

Current partition because of mode mixing at 
the pra interface will manifest itself in the finite 
shot-noise intensity. To find noise, we take into 
account that the mixing of the reservoir distibu- 
jons, no matter of what origin, results in particle 
‘enemy distribution of a doublestep form 


v2 
nfo) =Fpm(e)+Fmle) (8) 
where ny2(e) = mle Yat). (Here, ng(e) is the 


Fermi distribution, and Vag is the source-drain 
voluge.| In an analogy with diffusive systems 
(28) and chaotic cavities (17, 19). this distribution 
serves as. Koyan-Shulman-Hke extraneous source 
‘of current fluctuations 


J = [r(eyit-n(eae = Val (6) 


NE 


We relate the noise source J 10 the fluctuations of 
the tworterminal curtent by noting that, because 
Actuating current of intensity J is injected into 
‘each open chanel, the current fluctuations fow- 
ing into the m and p regions will be J = WV and 
= wad. Converting these fluctuations into volt- 


age fluctuations and adding the contributions of 
the n and p regions, we find the voltage fuctua- 
tins 3V induced betwaen the reservoirs 


Current noise can now be obtained as S 
GI"), where g is the conductance (Eq. 1). It 
is convenient to charxcterize noise by the Fano 
factor F= 81 (where Js current), describing noise 
suppression relative io Poisson noise. We find 


12 = 2. 6 10. The result (Eq. 8) is 
identical in form to the shot-noise Fano factors of 
chaotic cavities (17, 19). The Fano factor values 
(Eq, 8) should be contrasted with F = 0.29 that is 
predicted fer a pw junction in the absence of 
maynetic field (8) 

‘Another regime for noise is posible if elec- 
trons, while triveling along the p> interface, have 
‘enough time to transfor enengy 40 cach other via 
inclatic processes. This will occur if ty << L 
Where ta isthe characterisic eectron energy relax 
ation time, vis the drift velocity. and Lis the po 
interface length. [A similar regime was analyzed 
for diffusive (28) and chaotic (/9) transport. In 
this ease, the electron enengy distribution is char- 
acterized by an effective temperature Tor that is 
determined by the balance of the energy sup- 
pliod from reservoirs and electron thermal enengy 
flowing out 


Ta? (9) 


The extrancous fluctuations (Eq, 6), evaluated 
for the Fermi distribution with T= Typ give J 
AgTeg. Repeating the reasoning that has led 10 
Eq, % we find the noise intensity $= ghkTep 
This expression resembles the Nyquist formula, 
except for the factor of 2 missing because the 
fluctuations (Eq, 6) occur only in the p-n region but 
not in the Keads. Because Teg Vag. this noise is 
linear in Vag. Similar to the T= 0 shot noise, it can 
ibe characterized by the Fano factor F = (37), 
with F given by Ea. 8. 

Finally, noise can be used 10 test which of the 
UCF suppression mechanisms discussed above, 
selEaveraging or dephasing, occurs in an expe 
iment (/2). For coherent transport, noise exhibits 
‘mesoscopic fluctuations, similar to UCF, that can 
bbe analyzed within an RMT framework. In the 
absence of time-reversal symmetry, RMT yields 
an ensemble-averaged Fano factor 


ial 
Ws halt Dinh 


(10) 
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{see Eq. 11 in (20)]-Forvy2= 2,4, 6... this gives 
F = 4s, 49, 28148... These values, expected 
‘when transport is coherent but selF-averaged, are 
different fom those in Eq. 8 that are obtained 
fiom an incoherent-mixing model, 

The quantized transport observed in graphene 
‘p-n junctions (/2) is of different character in the 
unipolar and bipolar regimes. In the fist case, 
transport is dissipationless, with conductance 
quantized to an integer. In the second case, mode 
mixing at the pr interface creates a situation 
similar to that studied in quantum-chaotic trans- 
port, Conductance quantized to fractional values 
observed in (/2) then results fiom intrinsic or 
extrinsic suppression of UCF. These transport 
regimes can be unraveled by using electron shot 
noise (predicted to be finite inthe bipolar regime 
and zero in the unipolar regime), with quantized 
plateau structure similar to that of conductance. 
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Cylindrical Block Copolymer Micelles 
and Co-Micelles of Controlled 
Length and Architecture 


Xiaosong Wang, Gerald Guerin,? Hai Wang,? Yishan Wang, 


lan Manners,?*} Mitchell A. Winnik*} 


Block copolymers consist of two or more chemically different polymers connected by covalent 
linkages. In solution, repulsion between the blocks leads to a variety of morphologies, which are 


thermodynamically driven 
propensity to forming cy 


olyferrocenyldimethylsilane block copolymers show an unusual 
jrical micelles in solution. We found that the micelle structure grows 


epitaxially through the addition of more polymer, producing micelles with a narrow size dispersity, 
in a process analogous to the growth of living polymer. By adding a different block copolymer, 
‘we could form co-micelles. We were also able to selectively functionalize different parts of the 
micelle. Potential applications for these materials include their use in lithographic etch resist, 
in redox-active templates, and as catalytically active metal nanoparticle precursors. 


lock copolymers, which consist of two or 
Britons nt it 
together, form a range of structures when 
placed in a selective solvent. These assemblies 
include micelles with a solvent-insoluble core 
anda solvent-swollen corona (/). The shapes and 
sizes of the structures that form are typically 
‘determined by the lengths of the polymer blocks, 
their affinity for each other and for the solvent, 
ang! temperature (2). Long micelles witha narrow 
diameter are particularly useful (3). For example, 
cylindrical aggregates of a peptide-amphiphile 
have been used as a fibrous seaold for the 
mineralization of hydroxyapatite (4). Poly- 
ethylene oxide-poly(ethylene-all-propylene) 
(PEO-PEP) cylinders incorporated into epoxy 
resins greatly enhance the toughness of the resins 
(5). Cylindrical micelles witha poly erroceny sil 
ane (PES) core and a cross-linked corona have 
boen used as a template for ereating linear arrays 
of silver nanoparticles (6). Whereas spherical 
bblock copolymer micelles are able to cary dyes 
and other drug analogs into cells (7), cylindrical 
‘miceles.can orient and stretch ina flowing stream 
in a manner that is ideal for How-intensive drug 
delivery applications (8, 9). Thus, cylindrical mi- 
celles are interesting in part because oftheir poten 
ial applications in n and medicine. 
Block copol ire_-normally 
formed under con i 
control and netically frozen 
state (2, 10), Most diblock copolymers. form 
spherical micelles, whereas only a narrow range 
‘of compositions are able to form cylindrical 
micelles (2), In contrast, PES block copolymers 
such as PFS-polyisoprene (PES-Pl), P! 
polydimethylsiloxane (PFS-PDMS), and PFS- 
polymethylvinybiloxane (PFS-PMVS) form 
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rodlike micelles for a broad range of block 
tios. This process occurs in a variety of solvents 
that are selective for the 


ystalline nature of PFS isa key 
feature that promotes the formation of eylinders 
such a broad range of compositions (14) 
Here, we show that these micelles can undergo 
‘ways that recall key features of 
living polymerization to form structures of con- 
trolled segment length and composition. 
Living polymerization refers to a diverse class 
‘of systems in which molecules or other micrascop- 
je units form Jong chains by continuous addition to 
the reactive chain ends, without termination or 
transfer steps (/5). Examples include the synthesis 
of finear macromolecules (/6) and the growth of 
actin and microtubule filaments through self 
assembly of the appropriate proteins (77, 18), The 
defining feature of tis type of reaction is that after 
all the monomer units in solution have been con- 
sumed, the chain ends remain active and will con- 
tinue to react ance addtional monomer is added. 
hain kength increases linearly withthe amount 


of added monomer, and frequently the resulting 
product has a nartow contour length distribution 
(CLD). Ifthe added monomer is different from the 
‘one initially polymerized, one obiains a block 
copolymer consisting of chemically different 
segments sharing a common junction, This i the 
method used to synthesize the PFS block copoly- 
‘mers examined here, 

‘We begin by considering cylindrical micelles 
formed by a PFSsyPlyo diblock copolymer in 
hexane (the subscripts refer to the number- 
averaged degree of polymerization). [All of the 
polymers considered here have a narrow molar 
mass distribution (79) (table S1).] Undisturbed, 
the micelle structures were stable over a period of 
months, However, when aliquots of additional 
polymer dissolved in a common good solvent 
such as tetrahydrofuran (THF) or toluene were 
added, the micelles, by transmission electron 
microscopy (TEM), appeared to become longer 
(fig. SI), To enable us to follow changes in length 
distribution, we sonicated the solution to form 
shorter micelles with a mean length of ~250 nm 
(Fig. 1A). Adgition of more polymer dissolved in 
‘THF led to an inerease in the apparent hydro 
dynamic radius RS" as monitored by dy! 
light scattering (DLS) and. by an inc 
‘micelle length, as seen in Fig. 1, Two noteworthy 
features of these structures are their rigidity and 
their relatively narow length distribution, The 
‘mean micelle length increased fiom 250 nm to 
$00, 750, and 2000 nim (Fig. 1, B to D, respoe- 
), roughly proportional to the amount of 
PFS¢yPla» added. Simply adding 1 mg of 
PFSgq-Plag in 0.1 ml of THE to I ml of hexane, 
‘comparable to the amount of polymer present in 
the solution in Fig. 1B, gave a different result 
Large aggregates o ill-defined shape coult be seen 
by TEM. We infer that preexisting: micelles are 
necessity initistons for controled micelle growth, 

‘To tes this idea, we examined micelles of a 
different polymer simple of similar composition 

ox Phoes) using static and dynamic 
light scattering (SLS and DLS) experiments as 
‘well as TEM measurements. Direct formation of 


Fig. 1. TEM images for (A) sonicated 
PSs3-Plyap micelles in hexane (0.5 mgm); 
(B to D) elongated micelles after adding 
0.5 mg (B), 1 mg (C), and 2 mg (0) of 
PFSs3-Pls2o_ in THE (0.1 mO to 1.0-ml 
solutions of (A). Scale bars, 500 nm, 
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the micelles by heating and then cooling the 
solution led to long cylinders (2 jum), which 
Would make the study of their growth by TEM 


Tike micelles witha mean kength(.,) oF 98 nm, an 
‘aggregation number of 310 molecules per micelle 
an apparent radius of gyration RE* = 38.3 nm 
(Fig, $2), and a hydrodynamic radius Ry = 32.8 
nim. For micelle growth experiments, approxi 
mately equal aliquots of the sonicated micelles 
(~1.0 ml, 0.050 mg/ml; table $2) were: ferred 
into six tared vials, and then five inewasing 
amounts (samples B to F) ofa solution of PFSa- 
Plaos in THF (2.316 mg/ml) were added. As a 
contol (sample A), a similar amount of THE 
alone was added to one of the vials 
The cells were covered to prevent dust from 
‘entering the solutions, and the THF was allowed 
to evaporate as the solutions were agad at 21°C 
for 7 days. After the initial SLS and DLS. 
kes were carefully sealed 
1k for an additional 20 weeks 
The TEM and 
hese samples 


SLS data in Fig, 2 are taken from 
aged for $ months. 

The CLD of sample A is shown in Fig. 
The number ¢ length (LT™ = 105 nm) is 
consistent with that of the initial sonicated sample 
The CLD of simple E is shown in F 
the value of LE™ has shifted to $10 


plots of gy nMoKc (where q is thes 
tor, Ry is the Rayleigh ratio, Mg isthe copolymer 
\weight-average molecular weight, A isthe optical 
‘constant, and ¢ is polymer concentration), ploted 
as a function of g, forthe six samples. The sold 
lines: comespond to the best fit of the data to the 
form factor for thin rigid rods [(/9), equations $3 
and S4], These plots highlight the presence of 
‘elongated structures inthe solution, because such 
‘objects exhibit a plateau at high g. The magnitudes 
Of the plateau values, from which the number of 
polymer molecules per unit length (Nag) cam be 
calcula, were obtained as a fiting parameter for 
all of the samples, but the presence of the plateau is 
arly evident in the two uppermost curves. Note 
that the samples approach their plateau values at 
Jowerg values as the amount of polymer adked is 
ssed. This behavior is expected for solutions 
Aength, and is mir- 
rod in the upward curvature at low ¢ forthe longer 
micelles seen in the plots of ¥” as a function of 
¢ (lig. S3B), All samples are characterized by 
similar values Of Nypa, = 3 molecules/nm, and this 
property remained constant as the 
subjected to long-term agin 

Values of Ly are plotted a 
‘These data exhibit thnoe remarkable features. The 
firsts the overall finding ofthese experiments that 
addition of polymer in THF solution leads to the 
rowth of existing micelles while preserving the 
emal structure, as reflected in the essentially 


0 800 16002400 oi 02 o3 o4 
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Fig. 2. Properties of sonicated PFS¢q-Plys micelles in n-decane (0.05 mgm). (A) Contour length 
distribution (CLD) obtained from TEM images after treatment with 0.03 ml of THF (sample A). (B) CLD for 
‘sample E. The lines correspond to the expression AL) = L exp(-2Ul).(C) Plots of qRo/rMoKe versus q for 
‘sample A, and after addition of 0.01, 0.02, 0.04, 0.07, and 0.12 ml of PFS.q-Plaa in THF (2.316 mg/m) 
(samples B to F, respectively. The lines represent the best fit to equations $3 and $4 (29) for thin, rigid 
rods with a Zimm-Schutz distribution of lengths. (D) Number-average length L versus total polymer 
‘concentration fo the solutions in (O) deduced from TEM-CLD (+) and SLS () experiments. The dashed line 
is the predicted value for monodisperse rods assuming uniform growth of existing micelles asa function of 
polymer concentration. The samples were aged for 5 months before the StS and TEM measurements, 


Fig. 3. (A and B) Bright-field (A) and dark-field(B) TEM images of triblock co-micelles Myersy-ruvsox)-D- 
Mp5 Pon)-D-M\ pest) Formed by adding PFSeg-PIVS3o0 (1.0 mg in 0.1 ml of THA to a solution (0.5 
mg/m) of sonicated PFSs3-Plao micelles in decane. (Q A TEM image of sample prepared in hexane THF 
(20:1 viv) Of Mre-rous)D-M 45y-ex)“D-M rsx POMS) triblock co-micelles. (D) The Pl corona 
chains were then cross-inked (XL) by reaction with terametdsiorane and the sample was transferred to 
THF solution, which dissolved the PFS-PDMS chains but left the cross-linked PFSs3-Pl8p structures intact. 
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constant value of Nag. Valls of Ly increase 
linearly with ¢, as one would expect for a living 
polymerization. The second feature is the concor- 
dance between Ly values determined by light 
scattering and by contour length analysis of the 
TEM images, with slightly larger values obtained 
by TEM (able $4), Finally, we note the long-term 
ability of the micelles (Hig. $3). Even on a time 
scale of months, there is litle evidence for unimer 
dissociation and new micelle formation, nor is 
there any indication of micelle fusion in dilute 
solution, The absence of micelle fusion suggests 
that the micelle growth happens via the addition 
of free chains on the preexisting micelle, rather 
than by *SelEmicellization”” of the free chains 
followed by addition to the ends of preexisting 
micelles, It is interesting that most of the 
distributions (Fig. 2, A and B, and fig, $4) can 
be well fited with the Zimm-Schulz expression F 
(L) = L exp-2U Ly). This is aso the expression 
developed by Israclachvili (20) for the CLD of 
‘one-dimensional micelles formed under equilibsi- 
tum conditions, but we note an important dif 
ference: Our finding that Ly inereases linearly with 
concentration is different fom the square-root 
dependence predicted by that mode! 

Another important characteristic of a living 
polymerization is that the chain ends will wact 
With the addition of different monomer. Starting 
1-Plsao cylinders in decane-THF mix- 
tures, we prepared short rodlike seeds of PFSs3~ 
Plyg9 micelles in decane (y= 200 rim, 0.5 mg/ml) 
by sonication, Toa |.0-mlaliquot ofthis solution, 
wwe added 0.1 ml of THF containing 1.0 mg of 
PES g-PMVSyoo and monitored the solution by 
DLS. The apparent Ry of the aggregates in- 
creased gradually until reaching a constant value. 
A TEM image of these micelles (Fig. 3A) shows 
that the addition of the second block copolymer 
did not disrupt the original shape ofthe eylinders, 
bout their length increased to ~1000 nm, which 
suggests that block co-micelles were formed. 

‘N clearer indication of the micelle siracture is 
provided by the dark-fiek! TEM image in Fig. 3B. 
In a darkefield image, components. containing 
heavy elements scatter more electrons and appear 


Fig. 4. A mechanism for the 
self-assembly of PFS-PI block 
‘copolymers in alkane solvents. 
Homogeneous nucleation fol- 
lowed by epitaxial growth 
yields cylindrical micelles with 
semicrystalline core and a 
relatively narrow distribution 
‘of lengths. The rod ends re- 
main active to further growth 
if additional polymer contain- 
ing a PFS block fs added to the 
system. As shown, the second 
polymer and PFS-PI have dif- 
ferent soluble blocks. 
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bright against the dark carbon film. The structures 
in Fig. 3B are characterized by a thin central line 
flanked by two thicker segments. The thin lines 
can be attributed to the PFS cores of a central 
PESq5-Plazo block, whereas the thicker segments 
arise fom the additional electron scattering of the 
silicon-rich PMVS corona that surrounds a PFS 
‘core. By TEM, we could not observe any micelles 
containing only PFS-PMVS copolymer, which 
it micelle growth starts from both ends 
Of the PFSsy-Plhao micelle and leads to a triblock 
architecture, 


micelle, b denotes block structure, and the sub- 
scripts are the components of each block). 

The susceptibility of the PI chains of PFS-PI 
micelles to cross-linking provides: another 
proof of the ability of the system to form tri- 
block co-micelles, By adding a THE solution of 
PFSjo-PDMSy39 10 a solution of PFSs3-Plx0 
micelles in hexane, we produced co-micelles of 
Marese-20%6500)-P-M rs #15)-b-M (086m) 
(Fig. 30), The middle block of the co-micelles 

ontains vinyl groups in the PI corona, whereas 
the PDMS corona chains of the two side blocks 
have no reactive functionality. We have shown 
1 groups of PL or PMVS in the corona 
'S micelles can be cross-linked using PHO} 
catalyzed hydrosilylation (73). Using the same 
chemistry, with tetramethyisloxane as the eras 
Finking agent, we were able to cross-link the vinyl- 
containing PI blocks of the triblock co-mivelles 
and fix the structure of the center block of the 
aggregates. When this sample was dried and then 
‘exposed to THF, the soluble PDMS chains dis- 
solved, and only the cross-linked (PFSs5- PRS) 
central block remained (Fig. 3D) 

‘These findings show thatthe micelles in this 
hexane-THE mixture ane sufficiently robust to 
support the hydroslylation reaction to cross-link 
the PI corona chains. We also discovered that the 
semicrystalline PFS core of the micelle itself is 
accommodating to PFS chains of somewhat 
different length. The number-average degree of 
polymerization of the PFS portion ofthe polymers 
(PESyPDMS330) that grow off the ends of the 


polymer in THF 


PESss-Plizo micelles is about 80% of that of the 
chains in the preformed micelles. 

Micelle growth cannot occur, however, ifthe 
ferrocenylsilane block has a different chemical 
snucture that prevents crystallization, Poly( fero- 
cxnylmethykthybilane) (PFMES) is an amomphous 
polymer, and PFMES-PMVS forms spherical 
micelles in hexane. When a THF solution of 
PEMES-PMVS jis added to a hexane solution of | 
sonicated PFSqy-Plyy9 micelles, the product ap- 
ears by TEM to be a mixture of spherical micelles 
and unchanged PFSy-Playo micelles (fi 

Figure 4 summarizes the nucleation and 
growth steps involved in the selEassembly of 
PFS-PI diblock copolymers in alkane solvents. 
‘The ffee chains formed upon heating the initial 
sample undergo homogeneous nucleation. upon 
cooling and aging to form a diserete number of 
ruelei that serve as initiation sites for’ chain 
growth, Free chains deposit on the ends of the 
rodtlike structures, accompanied or driven by 
<pitaxial crystallization of the PFS blocks, O 
this process is complete, growth stops, When 
more polymer, dissolved ina common good 
solvent such as THE, is added 10 the solution, 
‘chain growth’ is initiated, leading to longer 
roxtlke structures or triblock co-micelles, 

‘The mechanism for block copolymer self 
assembly in solution demonstrated here enables 
the production of rods with a narrow distribution 
of Kengths, as well as the synthesis of segmented 
rod-like structures with control over segment 
Jength and composition, The blocks containing 
vinyl groups in their corona can be selectively 
cross-linked. Such cylindrical structures. with 
‘controlled lengths and compositions are of interest 
8 ctch resists, reactive redox-active templates, 
conductive wires, and pattemable precursors 10 
magnetic and catalytic Fe nanoparticles. 
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Block Copolymer Assembly via 


Kinetic Control 


Honggang Cui,? Zhiyun Chen,” Sheng Zhong,” Karen L. Wooley,”* Darrin J. Pochan?* 


Block copolymers consist of two or more chemically different polymer segments, or blocks, connected 
by a covalent linkage. In solution, amphiphilic blocks can self-assemble as a result of energetic 
repulsion effects between blocks. The degree of repulsion, the lengths of the block segments, and the 
selectivity of the solvent primarily control the resultant assembled morphology. In an ideal situation, 
‘one would tke to be able to alter the morphology that forms without having to change the chemistry of 
the block copolymer. Through the kinetic manipulation of charged, amphiphilic block copolymers in 
solution, we are able to generate different nanoscale structures with simple block copolymer chemistry. 
The technique relies on divalent organic counter ions and solvent mixtures to drive the organization of 
the block copolymers down specific pathways into complex one-dimensional structures. Block 
copolymers are increasingly used as templating materials; thus, the ability to control the formation of 
specific patterns and structures is of growing interest and applicability. 


he broader development of nanoscale 
| technologies requires methods to fabricate 
id manipulate material at the nanometer- 
length seale. This includes techniques that ma- 
hipulate individual atoms or clusters, as well as 
materials that will selFassemble into onganized 
pattems, often through solution-based processes 
Molecules with varying chemical interactions are 
needed to drive the assembly, and this has been 
accomplished in block copolymers (7), surfie- 
tants (8), proteins (9), DNA (10, 11), peptides 
(22, 13), peptide amphiphiles (14), and polypep- 
tides (75). This broad range of molecules was 
needed to tailor nanostrictures with potential im- 
pact on disparate, emerging fickds such as nano- 
medicine (1), onganic photovoltaics (6, 17), 
and selfassembled spintronies (78, 19) oF opto 
electronic devices (17, 20). 

Linear triblock copolymers, produced with 
common polymerization techniques, provide an 
‘opportunity to develop self-assembly strategies 
for complex nanostructure formation that do not 
hevessarily require the altering of the mokeeule 
chemistry to create a wide range of structures. 
The chemical tunability of amphiphilic block co- 
polymers has been used previously to proxhic 
micelles and nanostrictures in soltion (/- 7, 21.22) 
Polymeric micelle size and shape can be designed 
through monomer selection, chain architecture 
design, and variation of solution conditions (c.g. 
solvent mixtures, pH manipulation, salt concen- 
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tration, and temperature) (J-7, 21, 23), However, 
the slow kinetics of block copolymers in solution, 
due to the slow exchange of chains between 
micelles because ofthe higher molecular weight of 
the molecules, hinders assembled structures from 
reaching global equilibrium states (2/, 24-26). 
We specifically take advantage of this lack 
ttlobal equilibrium in amphiphilic changed block 
‘copolymers to produce complex, one-dimensional 
nanostructures. The block copolymers are con 
{rollably forced down specific assembly pathways 
‘through a combination of solvent mixing and the 
complexation of a charged, hydrophilic block 
with divalent, onganic counterions. The resultant 
assemblies are kinetically trapped but stable be- 
‘cause of the inability of the system to thermody- 
namically equilibrate, 


Fig. 1. (A) Molecular 
structures of triblock 
‘copolymer, PAA-b-PMA- 
5-P5, and organic di- 
‘amine (EDDA). (B and © 
TEM images of one- 
dimensional assembled 
structures of PAAggb- 
PMAgas-b-PSag at 67% 
THF water solution inthe 
Presence of EDDA (molar 
ratio of amine groups: 
‘acid groups = 1:1). The 
samples were stained 
with urany acetate aque 
‘us solution. (B, insert) 
Schematic drawing of 
‘ross section of one- 
dimensional assembled 


The system we used consists of a linear poly 
(acrylic acid)-Aock-poly(methy) aerylate)blook- 
polystyrene (PAA-b-PMA-h-PS) triblock co- 
polymer, tetrahydrofuran (THF) water mixed 
solvents, and organic diamines (Fig. 1A). Various 
‘micelles with different packing geometries, such 
as disks and toroids, have been constructed using 
this system (4, 22, 27, 28), This multicomponent 
assembly system allows control over the thermo~ 
dynamics and kinetics of block copolymer as- 
sembly in the following ways. The selectivity of 
‘water for PAA allows the manipulation of inter- 
facial curvature between the hyélrophil 
and hydrophobic core within a mice! 
Viding a means to conto! local micelle geometry, 
Organic diamine complexation with chargable 
PAA corona blocks influences both intermicellar 
interactions and the intramicellar PAA corona 
‘lock conformation. By the use of diferent solvent- 
mixing protocols, the pathway through which 
polymer assembly occurs ean be manipulated 
‘The controlled assembly pathway generally 
begins with diamine complexation with the PAA 
block in pure THE solution producing PAA- 
dliamine aggregates, Subsequent addition of Water 
has the combined effect of a ng the hy dro- 
hobie PMA and PS blocks. while concurrently 
swelling and eventually solubilizing the PAA 
diamine complexes into micelle coronas. The 
combination of the PAA-tiamine complexation 
‘with subsequent solvent mixing produces a unique 
‘block copolymer assembly pathway resulting 
the nanostructures displayed in Figs. 1, B and C: 
The cylindrical nanostructures consist of PAAgyd 


structures. PMA-PS stripes are illustrated a5 gray and dark blue bands. Light blue bands denote PAA 
concentrated area. EDDA, which is complexed with the PAA block, isnot dravwn for clarity. 
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by imeraction with the acrylic acid residues of the 
PAA [sce table Sand (29) for block copolymer 
mokccular details. The periodic stripes pemendic~ 
ular to the eylinder axes indicate the altemating 
layers of hydrophilic PAA complexed with EDDA 
and hydrophobic PMA-PS domains. The dark 
stripes are PAA layers that are positively stained 
asa result of uranyl cations interacting with car 
bboxylic acid side chains of the PAA. The light 
stripes are composed of PS and PMA hydrophobic 
sezments with a thickness of ~20 nm (Fig. 1B, 
inset).It is notable that this assembly is not a typ- 
hydrophobic core hydrophilic conona micelle 
‘but rather a eylinder with altemating layers of 
hydrophilic and hydrophobic components armangeat 
pemendicular to the cylinder axis. 

‘The specific assembly pathway to produce the 
striped eylindrs is as follows. PAAgg--PMA ox 
PS wis frst dissolved in THE to form a 0.1 

ght percent homogeneous solution. Next, 
EDDA was added to give a molar ratio of amine 
{gtoupracid group = I:1, The EDDA complexed 
with the PAA block affording PAA-diamine 
agarewates, Water was then added slowly (-8 ml 
water per hour added to 20ml THF block 
copolymer solution with a syringe pump) both to 
initiate aggreyation of the hydrophobic blocks and 
to solubilize the PAA-tiamine complexes. This 
slow auklition of water first eaused polymer phase 
‘separation into polymer-rich domains with a local 
Jamellar nanostructure due to phase segregation of 
unlike blocks (22), Once sufficient water was 
auided, the phase-sepsated polymer drops were 
solublized imo diserete micelles through the 
segregation of the hydrophobic blocks into 


hydrophobic core domains and the hydration of 
PAA-diamine into the corona. At high water con- 
tent (THF: water = 134), stable, spherical micelles 
formed (Fig. 2A). THE was then pipetted into the 
spherical micelle solution to produce a. final 
Volumetric ratio of THE:water = 2:1. During the 
original slow addition of water to the block 
‘copolymer diamine THF solution, a 2:1 THE:ater 
ratio. produced block copolymer droplets with 
local lamellar structure (22). By forcing the sys- 
tem back to this solvent composition, the spherical 
‘block copolymer micelles were forved 10 agere- 
gate into a locally ordered lamellar nanostruc- 
ture. Transmission electron microscopy (TEM) 
images taken immediately after the THF addition 
demonstrated that all of the micelles polymerized 
along a preferred growth axis (Fig. 2B). Further 
aging for several hours allowed additional onc- 
dimensional growth of these structures into long 
{up to microns in fength) structures with uniform 
widths as shown in Fig. 1, Band C. 

In amphiphilic block copolymer dilute s0- 
lutions, wo kinetic processes are pewsible in 
response to solvent compositional changes. One 
is a relatively fast intramicellar process of ob- 
taining local preferred interfacial curvature in 
isolated micelles through fast local chain adjust- 
iment. The sccond is the relatively slow proces of 
reaching a global equilibrium by means of inter- 
‘micellar interactions [through infrequent inter- 
micellar singk-chain exchange (2/. 24, 25) or 
micelle fasion oF fission]. When combined. the 
mismatch of the two kinetic processes can produce 
the welldefinad hierarchical structure in Fig. 1. B 
and Cand Fig. 2C schematically demonstrates the 


proposed mechanism. Upon quick introduction of 
THE, the local packing geometry of isolated 
‘micelles changes belore intermicellar azeregation 
takes place. Because local chain adjustment is a 
‘much faster process than intermicellar interactions, 
oblate spheres or discoidal micelles form with the 
axdition of THF (Fig. 2C, sep 1). Although the 
Jocal flat interfacial curvature is desired in the 
sgstem, the resultant dispersed structures are not 
stable in the low-water-contem solution and 
‘undergo aggregation, However, the ageregation 
is one-dimensional because the disklike micelles 
have PAA-diamine faces that experience long- 
range, attractive clectrostatic interactions with 
‘ther diamine-rich PAA faces in high THE content 
solution, [See figs. SI to S4 and (29) for data and 
accompanying discussion about the electrostatic 
nature of the interactions between the PAA blocks 
and the multivalent amine counterions} Dinect 
Visualization of several separate disklike micelles 
fn the intermediate assembly stage ean be scen in 
Fig. 2D, as marked by black amows, supporting 
the concept that these segmented cylinders are 
foamed by one-dimensional collapse of discoidal 
micelles. In adkition, the diameter and volume of 
cach cylindrical segment is comparable 19 the di- 
mensions ofthe separate spherical micelles before 
aggregation, further supporting the tran 
mechanism. Branching appears as growth defexts, 
as observed in Fig. 2, E and F. Theoretical prodic~ 
tion has shown that branching could occur in the 
one-dimensional aggregation of dipolar fluids 
‘when construction of a branch provides a lower 
five energy than the Fortin ofa fee chain end 
(30), In the current work, branching probably 0 


Fig. 2. (A) Spherical micelles of PAAget-PMAyorb-PSux formed at the 1:4 
ratio of THF to water in the presence of EDDA (molar ratio of amine groups:acid 
‘groups = 1:1). (B) TEM image of one-dimensional aggregation of spherical 
micelles immediately after introducing THF into original solution to reach 2 2:1 
final ratio of THF to water. Further growth of these short structures led toa giant 
‘one-dimensional supra-assembly, as shown in Fig. 1, B and C. (€) Growth 


‘mechanism of spherical micelles. Sohere-disk transition occurred ftst.as THF Was, 
introduced. Anisotropic shape of disk-like micelles allows for one-dimensional 
preferred growth. Inserted schematic illustrates proposed chain packing of 
‘spherical micelles, disklike micelles and one-dimensional packing structures. (D) 
‘Separate diskiike micelles marked as black arrow. (E and F) Branches appear as 
‘gronth defect. The samples were stained with uranyl acetate aqueous solution. 
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‘curs because of polydispersity in size and shape o 
assembling micelle units. As internicellar interac 
tion proceeds, there is some spherical 
time to adjust their 
geometry before assemblin 
18 cylinder. This curved surface could then 
allow two disklike micelles to attach, forming a 
brinch, An altemative branching mechanism 


Fig. 3. TEM images of 
directed gold nanoparticle 
assembly in the charged 
PAA region. (A and B) 
Bright-feld images. Dark 
stripes are concentrated 
gold nanoparticle areas 
Insert. shows proposed 
structures, Yelow dots de 
Note gold nanoparticles. 
(© High-resolution TEM 
(HRTEM) imaging of lat- 
tice structure of gold single 
crystals, (D and E) high- 
angle annular dark field 
(HAADF) imaging of pert 
odic gold stripes, Gold 
particles appear as bright 
stripes. (F) TEM image of 
periodic gold stripes 
when polyamine func 
tionalized gold particles 
are used as counterions. 


‘could be polydispersity in the sizes of disks, with 
slightly langer disks having more PAA-diami 
surface area, so that two additional disks could 
assemble, thus forming a branch, 

“The periodic spacing of PAA was then used as 
template to imteract with oppositely changed in- 
‘organic nanoparticles to construct periodic hybrid 
materials. Hybrid superstructures were created by 


Fig. 4. Nanostructured multicompartment cylinders. (A and B) Bright-feld TEM images. Dark regions 
present polypentafluorostyrene-chain rich area, (C and D) HAADF images of cylindrical micelles with 
internal phase-separated cores. (E) Cryogenic TEM (cryo-TEM) image of uniform cylindrical micele at 
40% water/THF solution. (F) Cryo-TEM image of cylindrical micelles with internal phase-separated cores 
at 67% waterTHF solution. (G) Schematic illustration of formation of multicompartment cytinders. 


immersing assembled one-imensional structures 
into primary amine-coated gold nanoparticle 
aqueous suspension for several minutes. Dark 
stripes in Fig. 3, A and B, are due to the high 
lectron density of gold nanoparticle rich PAA, 
regions, Lattice ffinges of gold nanoparticle single 
crystals can be clearly scen in high-resolution 
TEM imaging (Fig. 3C), In highsingle annular 
dark-field (HAADF) old stripes are 
Visualized as parallel bright lines (Fig. 3, D and E). 

Anothe charged corona 
‘locks is that muivaknt counterions, such as 
functionalized inorganic nanoparticles, can be use 
10 influence local micelle structure and act as 
the stimulus for the formation of one-dimensional 
segmented nanostructures. This approach may be 
usal in concert with, or as an alternative to, the 
addition of solvent. If the block copolymer is 
designed correctly, when spherical micelles come 


he 


vantage of usi 


wed with the 
addition of positively charged gold n 
imo a SO% THF/water suspension of PAAgy-b- 
PMAjax--PSy30 spe 
without added di 
had, on avery 


panicles 


I micelles, assembled 
1K nanoparticle 
six primary amine groups on 
the surface and fi multivalent 
counterion to complex with PAA, When they 
ded to the block copolymer spheres, the 
spheres coll ‘one-dimensional struc 
tures with altemating stripes of gold 
panticle-rich layers and hydrophobic layers, 
both perpendicular to the primary axis of the 
assembly, The distance between PAA gold-laden 
Stripes was then 40 nm, as compared to appro: 
imately 20 nm between PAA layers for the 
sample in Fig. 1, B and C, This increased inter 
layer spacing was due to the increase of the PS 
block Iength to 130 fom 44 monomer repeat 
units. Apparently, the structures shown in Fig, 3F 
re not a consequence of pu dimensional 
growth of spherical micelles, because the diameter 
(of the final cylindrical structures is about twive as 
nal spherical micclks, However, 
aged gold nanoparticles was able 
assembly of spheres in a prefered 
ent functionalized n 


dep 
manic-rich 


‘of slow kinetics of block 
‘copolymer chains in solution and the complexation 
of charged blocks with multivalent counterions, 
‘ene can also produce complex micelles containing 
snultiple hydrophobic blocks within the same 
micelle core that can undenzo local, intramicellar 
hase separation. To obtain a single polymeric 
‘micelle goometry, such 2s cylinders, with each 
micelle core consituted by multiple hydrophobic 
blocks, at Keast two different, linear triblock 
copolymers are required, with similar overall 
molecular weight and relative block ratios but 
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different core block chemistry. The key point for 
choosing the different chemistries of the two 
hydrophobic blocks is that the two blocks 
‘experience a high degree of mutual immiscibility 
In the current experiment, polystyrene (PS) and 
poly(2,3.4,5,6-pentalluorostyrene) (PPES) were 
employed as the differen, third hydrophobic 
blocks in the nvo tiblock copolymers (PAs 
PMAjo3-b-PSy17_ and PAAg-b-PMAgg-b- 
PPESyqp) (29). Equal molar amounts of the two 
triblock copolymers with different respective third 
blocks were dissolved in pure THE. EDDA was 
then added to real a final {:1 mola ratio ofamine 
‘groups to acid groups. The diamines underwent 
‘complexation with the PAA blocks, thereby 
forming aggregates with PAA-diamine cores. 
Novably, these aggregates contained each of the 
triblock copolymers. with both PS and PPFS 
hydrophobic blocks because of the simple trapping. 
of unlike hydrophobic blocks in the same 
a te by PAA-diamine complexation, Next, 
nirxuction of water into the THF solution to a 
final ratio of THE:water ~ 1:2 provided for the 
formation of cylindrical micelles. However, the 
existence of the original mixad trblock copolymer 
aggregates, as a result of PAA and diamine 
comple 
unlike thind hydrophobic blocks into the same 
micelle core, In addition, the lack of chain 
exchange in solution that disallow global chain 
and maintains nonequilibrated micelle 
ith the fact that the PAA 
chains in the corona ofthe newly formed micelles 
il complexed with diamines and were not 
freely mobile within the micelle, guarantee the 
stability of the mixed-core micelle. The im- 
miscibility of the two different hydrophobic 
blocks, PS and PPFS, eventually resulted in inter= 
nal phase separation on the nanoscale, producing 
multicompartment micelles, The images shown in 
Fig. 4, to D were taken after 4 days of aging a 
solution of mixed hydrophobic core 
Internal phase separation is clearly indicated by 
the strong undulations along the cylinder surfaces 
and the TEM contrast variation along the 
cylinders. The larger. darker. and more spherical 
regions within the cylinders are hypothesized to 
be regions that are concentrated in PAAge-b- 
PMA o3--PPFSjo9_triblock copolymer. First, 
there is a higher interfacial enengy between PFS 
and PMA, relative to PS and! PMA, causing more 
chain stretching within PPFS-rich core domains 
$0, to limit PPFS interactions with surrounding 
PMA blocks. Second, the greater electron density 
of the PPFS block provides a greater ability wo 
‘scatter electrons and produce darker images in 
the TEM. The thinner region of the undulating 
cylinder would then be occupied primarily by 
PAAgy-b-PMAgg-}-PS 7 (Fig. 4G). This internal 
cylinder phase separation only occurred at 
relatively higher amounts of water in the mixed. 
solvent solutions. Cryo-TEM showed uniform 
‘cylinders without undulation on the surface at 
‘only 40% water/THE solution after 4 days (Fig. 
4E). However, multicompartment cylinders 


tion, fireed the Jocal cossembly of 


could be observed as the water pereentage 
increased 10 67% (Fig. 4F). Reports in the 
literature have shown similar undulating cylinder 
morphologies through polymer blending, but 
‘with, at most, only three periods of undulation 
‘that always started from semispherical end caps 
(2D. Clearly, the undulations shown here are not 
exclusively correlated with the spherical end caps 
and are obvious throughout the length of the 
cylinders. Saffan et al, have demonstrated that 
the curvature energy of a cylinder with undu- 
lations could be lower than that of a nonundulat- 
ing eylinder (3). However, the undulations 
observed here, although locally induced by 
unfavorable energetic interactions between PPFS 
and PS, are only possible kinetically because of 
the foreed mixing of unlike hydrophobic core 
blocks as a result of PAA complexing with 
diamines and a specific solvent-mixing pathway. 
Both the multicompanment cylinders with 
phase-separated cores and the cylindrical nano- 
Structures with altemating layers of chemistry 
pemendicular to the eylinder axis are results of a 
solution assembly strategy to create structures with 
increased complexity with standard linear block 
opolymer architectures and chemistries. The key 
Parameters are the combination of changed block 
leactions with mukivalent counterions to influ- 
cence both intra- and intennicella interactions and 
solvent mixing to contro the assembly pathways. 
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Capillary Wrinkling of Floating 
Thin Polymer Films 


Jiangshui Huang,*? Megan Juszkiewicz,” Wim H. de Jeu,” Enrique Cerda, 


Narayanan Menon,** Thomas P. Russell?* 


Todd Emrick,? 


A freely floating polymer film, tens of nanometers in thickness, wrinkles under the capillary force 


exerted by a drop of water placed on its surface. The wrinkling pattern 


characterized by the 


number and length of the wrinkles. The dependence of the number of wrinkles on the elastic 
properties of the film and on the capillary force exerted by the drop confirms recent theoretical 
predictions on the selection of a pattern with a well-defined length scale in the wrinkling 
instability. We combined scaling relations that were developed for the length of the wrinkles with 
those for the number of wrinkles to construct a metrology for measuring the elasticity and 
thickness of ultrathin films that relies on no more than a dish of fluid and a low-magnification 
microscope. We validated this method on polymer films modified by plasticizer. The relaxation of 
the wrinkles affords a simple method to study the viscoelastic response of ultrathin films. 


Jn sheets are much more easily bent than 
stretched by extemal forces. Even under 


purely planar tension, a shest will ofien 


<deform out of plane to form wrinkles. This is an 
everyday phenomenon that can be seen on our 
skin as itis stretched by smiling, sears, or age; 
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con the film of cream that floats on warm milk: 
‘or on the skin of fruit as it dries. 

This familiar instability occurs because the 
clastic enerey required to stich a shoot ise 
duced by the out-of-plane bending that accom- 
panies wrinkling. Cerda and Mahadevan (/, 2) 
considered a situation in which a rectangular 
clastic sheet is clamped at its ends and stretched. 
Beyond a critical strain, the sheet wrinkles, 
Minimization of the total clastic energy leads to 
‘scaling relationships between the amplitude and 
wavelength of the wrinkles. Their arguments 
have been applied to a variety of contexts, in- 
cluding the mechanics of artificial skins (3, 4) 
and surgical sears (5). 

‘We report on a study of wrinkling of films 
under capillary frees, which has thus far re= 
mained relatively unexplored. Because thin films 
are often immersed in fluid environments, both 
in biological and in sy soft materials, the 
elastic deformation of films under surface ten 
sion is relatively commonplace. Thin polymer 
films fom an idcal experimental setting in which 
toexplore wrinkling phenomena: We study films 
With very high aspeet ratios (the ratio of diameter 
Dio thickness his Dh ~ 5 = 10°), which can be 
treated accurately in the framework of 1wo- 
dimensional elasticity. 

We used films of polystyrene (PS: atactic, 
number-average molecular weight My = 91,000, 
erage molecular weight My = 95,500, 
is of gyration Ry ~ 10 nm) spin-coated onto 
glass substrates, The film thickness / was varied 
from 31 to 233 nm, as measured by x-ray 
reflectivity with a precision of £0.5 nm (6, 7). A 
cirele of diameter D = 22.8 mm was seribed 
‘onto the film with a sharp edge. When the sub- 
strate was dipped into a petri dish of distilled, 
deionized water, a circular piece of the PS film 
detached from the substrate. Because PS is hy- 
drophobic, the film Moated to the surface of 
the water where it was stretched flat by the 
surface tension of the air-water interface at 
its perio 

Wrinkles were induced inthe stretched, float- 
ing film by placing a drop of water in the center 
‘ofthe film (Fig. 1), by placing a solid disk in the 
center of the film (fig. SLA), oF by poking the 
film with a sharp point (fig. S1B) to produce a 
fixed out-of-plane displacement. All these meth- 
‘ods of loading lead to qualitatively similar wrin- 
Kling pattems, radiating from the center of the 
load. We emphasize a crucial difference between 
loading with a solid and a fluid: The wrinkling 
induced in Fig. 1 is primarily due not to the 
weight of the drop, but to the capillary force 
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exerted on the film by the surface tension at the 
airwaterPS contact line, The radial stress oe 
induced at the edge of the drop is dominated by 
the surface tension. which for the conditions of 
Fig. | is about 100 times as great as the radial 
stress developed due 10 the weight of the drop 
(mg22na), where m is the mass of the drop and a 
its radius. Indeed, a solid object of weight and 
contact area comparable to those of the drops 
shown in Fig. 1 would produce no discemible 
\rinkling. The contact angle of the drop on PS 
is 88° = 2°, and thus the geometry of the drop 
on the that of a hemi- 
sphere on a Mat surface ¢ 
formation of the film close 10 
itself). In view of this attractively simple geom- 
etry and the degree of experimental control af- 
forded by loading with a fluid, we focus on 
‘wrinkling induced by fluid eapillaity as in Fig. 1 

We observe the wrinkling pattern using a 
<igital camera mounted on a low-magnification 
microscope (Fig. 1). Two obvious quantitative 
descriptors of the wrinkling pattems are the num- 
ber of wrinkkss WV and the length of the wrinkle 
Las measured from the age of the droplet. Nis 
determined by counting. Because the terminus 
‘of the wrinkle is quite sharply defined and not 


02 
‘a"2p-34 (mm!nnr4) 


0.04 006 
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sensitive to lighting and optical contrast, we are 
also able to measure £ directly from the image. 
‘The radius ofthe cele in which the entire wrin- 
‘ie pattem is inscribed (see top left of Fig. 1) ix 
determined with a precision of 3%, 

The central question in understanding this 
wrinkling pattem is, how are (V, £) determined 
by the clisticity of the shect (thickness /, Young's 
‘modulus £, and Poisson ratio A) and the param- 
cers of the loading (surface tension and radius 
ofthe drop a). To study systematically the effect 
of loading and clasticity, we placed water drops 
at the center of the film using a micropipette, 
increasing the mass of the drop in increments of 
0.2 mg. As the radius of the drop was increased, 
both £ and 1 inereased. 

We first focus on N, which is found to ine 
crease as N % ya, However, as is 
Fig. 1, is smaller in thicker films. The com- 
bbinod dependence of NV’ on a, and fh is correctly 
captured by the scaling NV ~ aA", as shown in 
Fig. 2. To understand this scaling, the arguments 
of Cerda and Mahadeyan (2) maty be adapted to a 
radial goomnctry (5, 8}, Because the number of 
‘wrinkles remains constant at all radial distances 
five the center of the pattem, the wavelength of 
‘wrinkles vars acconding to 2 = 2nriN. 


Fig. 1. Four PS films of diameter D = 
22.8 mm and of varying thicknesses float- 
ing on the surface of water, each wrinkled 
by water drops of radius a = 0.5 mm and 
mass m = 0.2 mg. As the film is made 
thicker, the number of wrinkles NV de- 
creases (there are 111, 68, 49, and 31 
wrinkles in these images), and the length 
of wrinkles 1 increases. L is defined as 
shown at top left, measured from the edge 
of the water droplet to the white circle, 
The scale varies between images, whereas 
the water droplets are approximately the 
same sie. 


Fig. 2. The number of wrinkles 
Nas a function of a scaling 
variable, a”H-*. Data for dif- 
ferent film thicknesses  (indi- 
‘ated by symbols in the legend) 
collapse onto a single line (the 
solid line isa fit: N= 2.50 x 
10°a™*h**), The extent of 
reproducibility is indicated by 
the open and solid inverted 
triangles, which are taken for 
‘wo films of the same nominal 
thickness. 
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Fig. 3. (A) Wrinkle length Lis A 


proportional to the drop radius 
0. For fied loading, L i 
‘creases. with thickness h, a5 
shown by the different sym- 
bols, (B) An approximate data 
collapse is achieved by plot 

L against the variable oft, 
The inset at the top left shows 


L(mm) 


L(mm) 


the relation between L and f 
fora fixed radius of the water 
droplet a = 0.6 mm. The black 
line isthe best fit ofthe data 
to a power-law dependen 
= 0.0872 h?*; the red line 
is the best fitto a square root: 
b= 0.129 1, 


0. 10 
Plasticizer (%) 


0 5 1 15 


Plasticizer (%) 


20 25 


Fig. 4. (A) Young's modulus E versus concentration (by weight %) of plasticizer (dioctyl phthalate). 
E is computed from the wrinkling pattem (solid black symbols) by means of Eqs. 2 and 3. Data from 
other techniques (12) are shown for comparison. (B) Thickness h versus plasticizer concentration. 
is computed from Eqs. 2 and 3; compare with data from x-ray reflectivity measurements (7). The 
‘error bars are the standard errors of the measurements. 


‘This wavelength can be computed from a 
minimization of the bending transverse wo the 
folds and the stretching along their length, whieh 


leads to 


14,172 


ay 


2 ~ (Blom) 


where the bending modulus 8 = £/°/12(1 
(9), For a circular film with a radial stress due to 
surfice tension y at the edge of the film and 
another surfice tension y at the boundary of the 
droplet, Gy ~ ye? 7 (10). We thus obtain 


Where Cy is a numerical constant, Cy may be 
obtained from an analytical solution of the 
elastic problem or from an experiment like 
‘ours where all relevant parameters are known, 
Using literature values of £ = 3.4 GPa and A 

(Ud, and x = 72 = 03 mNim, we 
3.62 from the slope of the fit Hine in 


Before discussing wrinkle length, we make 
‘some qualitative remarks regarding the evohi- 
tion of the wrinkle pattem. The wrinkles shown 
in the images are purely elastic deformations 


and can be removed without the formation of 
imeversible. plastic creases (except possibly at 
the very center of the pattem). Despite this, the 
number of wrinkles in the pattem is hysteretic 
‘because there is an enengy barrier as well as a 
global rearrangement involved in removing 
wrinkles. In Fig 2, the drops are slowly ine 
creased in size by gentle addition of increments 
‘of water and thus represent our best experimen- 
tal approximation to the equilibrium number of 
wrinkles. There is no measurable effect of con- 
tact fine pinning. Nevertheless, the first droplet 
axided invariably overshoots the equilibrium valk 
ue of N. as may be seen in the slight curvature 
of individual sets of data in Fig. 2. The length of 
the ridge shows much less hysteresis because 
the length can locally inerease or decrease con- 
tinuously. This effect is clearly seen when the 
\rinkle pattern evolves as the drop is allowed to 
shrink by evaporation (fig. S2). 

The length L of the wrinkle increased linear- 
4 the radius of the drop, as shown in 
A simple argument for linear increase 
was presented by Cerda (5), where the length of 
the wrinkle is dictated by the radial distanoe at 
Which stress due to an out-of-plane force F ap- 
plied at the center of a film decays to the value 
‘ofthe tension t applied at the distant boundaries. 


0 2 4 6 8 


10 12 «14 


ah? (mm nm") 


‘This gives L ~ a(F/ax)"?. tn our situation F 
2nry and <= y, thus yielding a linear 
ependence L ~ a. However, the data in 
3A clearly show a dependence on thickness /, 
which isnot captured by this argument, The 
dependence on a and his reasonably well 
scribe by the purely empiical power-Law sealing 
shown in Fig. 3B: L ~ ah! (as shown in the inset 
to the figure, an unconstrained fit to 

law yields a slightly better fit of. ~ al 
scaling is dimensionally incomplete and 
ditional factor of (length) "? needs to be taken into 
account. In terms of the available physical var 
bles, the only possibility is (E/y)"?, leading to 


“in 


E | 
=ci(2) ait? 
Ny 


‘where Cis a constant. From the fit shown in 
Fig. 38, we obtain C, = 0.031. E and fr appear 
in Eq. 3 in the combination Eh, which is the 
strviching modulus of the sheet, This indicates 
that the length is defined purely by in-plane 
stresses. However, an attempt to write the radial 
stresses in a manner that is consistent with Eq. 3 
yields an answer for o,(a) that is independent of 
surface tension, which is implausible. Thus, the 
dependence of L on ft and a is adequately 
constrained by the experimental data and is well 
described by Eq. 3 but does not yet have a 
definitive explanation, 

‘A measurement of NV and L allows a deter 
‘mination of both E and /+ for a film, based on 
gs. 2 and 3, As a demonstration of this technique, 
‘we vary the elastic modulus of PS by adding to 
it varying amounts of di-cctylphthalate, a phas- 
ticize. As can be seen in Fig. 4A. we find good! 
agreement with published data (2) obtained by 
other techniques. AS a further test of our tech- 
nique, we note that accompanying the large 
ger than 300%) in. Younu’s mod 
tulus, there is also a subtle change (of about 
10%) in the thickness of the film as a function 
of the mass fraction, x, of plasticizer. The 
‘mination of thickness by means of Eqs. 2 and 3 
yields a value that is in very close agreement 


(3) 
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(Fig, 4B) with our x-ray reflectivity: measure- 
ments of . Thus, measurements of both mod- 
ulus and thickness can be achieved by a 
‘wrinkling assay with comparable or higher pre= 
ision, and with very basic instrumentation, when 
‘compared to the other techniques on display in 
Fig. 4, cach of which involves. sophisticated 
‘equipment and yields only one of £ of 
Further, in contrast tothe few other methods 
available for measuring the modulus of ex- 
tremely thin films, such as-nano-indentation 
(13) or stress-induced buckling (/2), the 
measurement is performed with the film on a 
fluid surface, rather than mounted on a solid 
substrate. This allows the possibility for the 
film to relax intemal mechanical stresses that 
«can develop cither in the spin-coating process or 
during transfer 10 a solid substrate, Apart from 
the ability to make measurements on a state that 


@ 60 120 180 240 300 
1(s) 


Fig. 5. (A) Relaxation of the wrinkle 
pattern as a function of time after loading 
with a water droplet. The thickness of the 
film h = 170 nm, and the mass fraction of 
the plasticizer is 35%. (B) The time de- 


pendence of wrinkle length normalized 
by the length fo, at the instant image 
‘capture commenced. Data are shown for plasticizer mass fractions of 35% (blue symbols) and 32% 
(red symbols). The plot symbols differentiate experimental runs, showing reproducibility of the time 
dependence, Solid lines show fits to a stretched exponential: Litt, = expl~t/.)". 


is not pre-strewsed, this opens the possibility of 
measuring bulk relaxational properties of the 
film without concems about pinning to a 
substrate. In Fig. SA, we show a sequence of 
images visualizing the time-dependent relaxa- 
tion of the wrinkle pattem formed by a capillary 
Joad. At increasing time, the wrinkles smoothly 
reduce in length and finally disappear, The strains 
that develop in response to the capillary load (74) 
can relax due to the viscodlatic response of the 
PS charged with a large mass fraction of 
plasticizer In Fig. SB, we show the time 
dependence of wrinkle length, £41), for wo sets 
‘of films with different plasticizer mass fraction, x. 
L4) can be fit with a stretched exponential 
function Ly expl-(etP, where t docreascs with 
increasing plasticizer concentration, and 5 = 0.50 

0.02, typical of polymer viscoelastic response 
near the glass transition (/3, 15). 
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‘Thus, capillary-driven wrinkle formation can 
be used as the basis for a metrology of both the 
‘dlastic modulus and the thickness of ultrathin films, 
bby means of very elementary apparatus —a low- 
magnification microscope and a dish of fluid, This 
simple technique can also be used to study dy- 
namical relaxation phenomena in ultrathin films. 
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The Source of Saturn's G Ring 


‘Matthew M. Hedman, * Joseph A. Burns,'? Matthew S. Tiscareno,? Carolyn C, Porco,? 
Geraint H, Jones," Elias Roussos,* Norbert Krupp,* Chris Paranicas,* Sascha Kempf? 


‘The origin of Satuin’s narrow G ring has been unclear. We show that it contains a bright arc located 
167,495.6 + 1.3 km from Saturn's center. This longitudinally localized material is trapped in a 7:6 
corotation eccentricity resonance with the satellite Mimas. The cameras aboard the Cassini spacecraft 
mainly observe small (1 to 10 micrometers) dust grains in this region, but a sharp decrease in the 
flux of energetic electrons measured near this arc requires that it also contain larger (centimeter- to 
meter-sized) bodies whose total mass is equivalent to that of 2 ~100-meter-wide ice-rich moonlet. 
Collisions into these bodies may generate dust, which subsequently drifts outward to populate the 
rest of the G ring. Thus, the entire G ring could be derived from an arc of debris held in a 


resonance with Mimas. 


rings in that, before the arrival of the 
Cassini spaceerafi, there Was no obvious 
‘explanation forts location. The dust-sized particles 
that dominate this ring’s optical properties should 


T= fing is unique among Satum’s major 


erode quickly in Saturn's magnetosphere, yet 
there was no direct evidence for larger source 
bodies that could replenish the dust and no clear 
‘explanation for the concentration of such bodies 
inthis one region (J-5). Unlike the E and F rings, 


‘which are closely associated with satellites that 
could cither directly supply material to the ring 
(Enceladus) or potentially confine the ring 
particles into a narrow region (Prometheus and 
Pandora), the G ring is located 168,000 km from 
‘Saturn's eenter, over 15,000 km from the nearest 
known satellite. However, using, data from the 
remote-sensing and in situ instruments onboard 


“oepanme of Asrorony, Comell Unversity, Hc, NY 
14853, USA. ‘Deparment of Theoretical and Applied 
‘Mecancs, Comel ives, hac, NY 14853, USA. Casi 
Imaging Cereal taboratry fr Operations, Space Sdence 
Intute, Bolder, CO 94043, USA. ‘Max Planck Inst fr 
Sennensyterorchung,Katenbug Anda 37191, Gemany. 
Sula Space Science Labora, Deparment of Space and 
imate Physics, Univers Calege London, Hob. May 
Dorking, Suey RHS GNT, UK ‘Applied Physics Laboratory, 
Jats Hopi Unversity Lae MO 20723, USA. Max Park 
Institut for Kerns, Sauperheshweg 1, 69117 Hedebeg, 
Germany. 


“To whom correspondence should be addressed. Ema: 
mebedman@asta.cornelLedy 


wwnwsciencemag.org SCIENCE VOL317 3 AUGUST 2007 


653 


654 


>ORTS 


the Cassini spacecraft, we have identified a 
structure that may be the source of this mysteri- 
The Imag 


g Science Subsystem (ISS) on- 


board the Cassini spacecraft (6) obtained its 
on 19 


‘most comprehensive view of the Gri 
September 2006, reveali 
‘enhancement near the 1 
167,500 km from Satum’s center (Fi 
feature extends over ~ 60° in longitude and has a 
radial full width at half maximum (FWHM) of 
SO km, much less than the ~6000-km radial 
extent of the entire G ring (see Figs. 2 3). 

‘At least five other image sequences obtained 
during the first 2 


2 years of the Cassini: mission 
observed this are [Fig. 3 and supporting online 
material (SOM)]}, demonstrating that it is a 
persistent feature of the ring. Based on these 
‘measurements, we estimate that the are’s mean or- 
bital motion is 445.475° = 0,007°day (period 

(0.808126 + 0.000013 day), where the uncertainty 


permits a $° shift in the arc’s postion over 2 
Given current measurements of Satum's 
jonal potential (7), this mean_motion 


‘coresponds 10 an orbital scmimajor axis a 
167,495.6 © 1.3 km. 

The arv’s mea 
the Mimas 7:6 corotation eccentricity reson 
(CER) at 445.484°%day (a ~ 167,493.4 km) (8) 
Corotation resonances have been invoked previ 
‘ously to expl Neptune's rings (9-1). 
In our case, perturbations from Mimas can 
constrain particles to fibrate around any of six 
stable longitudes A where the resonant argument 
64 ~ sy equals 180° (ag 
ite Mimas’ mean 


Sant 
gitude and 


Fig. 1. Images of the G ring arc obtained on 19 
September 2006 at 12:37, 13:11, 13:44, and 
14:18 UTC from top to bottom. A bright arc 
moves from right to left through the field of view. 
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pericenter, respectively), An ensemble of such 


ly confined structure ~60° wide 
served arc. Furthermore, throug 
years of the Cassini mission, the are’s peak has 
remained near one of the six stable points with 
Acer’ < 40 
To verify this model, we conducted numerical 
simulations of 3830 massless test particles 
tially placed within 20 km of the Mimas 7:6 
CER (sce SOM). Most simulated particles (2820) 
c clearly trapped in the CER (with Agen’ 
130°) over our 80-year integration. The dominant 
libration period was 1273 = 3 days, significantly 
longer than the interval covered by the curently 
available observations. The marginally sig 
unt (0.0009 day) drift in the arc’s 
observed position relative to the stable points 
J therefore be part of a libration cycle. The 
‘mean epicyclic eccentricity of the simulated par 
ticles ranges from 0.0001 to 0.001 depending on 
Avpcer, consistent with the are"s ~250-km radial 
\width (equivalent to an eccentricity ~ 0.0007), 
Besides se its are 


ibsorb magnetospheric particles, leaving 
detectable imprints on the loca 
ment. In fact, before Voy, 
tures of the G rin; 
but persist 


longitudinally averaged decreases 
s) in high-energy (<10 MeV) 
sgion (12). More recently, 
Instrument’s Low 
ents Syster 
(LEMMS) onboard the Cassini spacecraft (which 
measures the flux of electrons with enemies be- 
tween 20 keV and 40 MeV) (13) has detected 


proton fluxes 


ies (localized depletions in the elec- 
ound the Gring. At ~12:13 universal 
time (UT) on 5 September 2005, this instrument 
observed an unprecedented ~$0% decrease in 
electron flux while Cassini was moving out 
bound fiom Satum (Fig, 2), and a candidate sig- 
nature was detected inbound at ~11:58 UT. Two 
previous passages near the G ring did not show 
strong absorption (sce SOM). 

Using the are’s orbital period determined 
above, Cassinis location relative to the are ean 
be plotted for all three passag the G ring 
(Fig. 4). The $ September 2003 passage 
much closer to the are than the others and, when 
mapped to the equator the outbound 
microsigna je was 250 km wide, 
‘consistent with the arc’s inferred density profile 
(Fig. 2). The absorption signature is most 
apparent in the LEMMS channels that me 
mega-clectron volt 
energies around 1 MeV near the G ring have net 
azimuthal speeds close to the Keplerian orbital 
rate, allowing for the formation of very d 
patures, These data strongly sug- 
ral associated with the are caused 
sbsorption, 

The inferred position of the outbound micro- 
tune in Saturn's equatorial plane is displaced 
ly 3000 km exterior to th 
this is not too sumprising because similar displace- 
ments are observed in the signatures of Satumn’s 
small and mid-sized satellites (/4, 15). Deple- 
tions in charged particles will drift and fill in at 
different rates, depending on the electrons’ ener- 
gies and the pitch angles of the electrons’ tra 
jectories around the magnetic field lines, so the 


absorption si 
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Fig. 2. (Top) The charged-particle flux detected by LEMMS channel £6 (13, 15) during Cassini's 
passage over the arc region on 5 September 2005. The radial scale here corresponds to the 
‘equatorial distance of the unperturbed magnetic field lines that thread Cassini at the time of the 
observation. (Bottom) Average (offset-subtracted) radial brightness profiles of the G ring at 
<ifferent longitudes relative to the arc’s peak based on data from 19 September 2006. The profiles 
through the arc (gray) and elsewhere (black) are essentially identical outside 168,000 km, whereas 
the arc is the sharp peak at 167,500 km in the gray profile. The absorption feature's radial width is 
comparable to the visible arc’s. The 3000-km radial offset between the two signatures may be 


‘caused by magnetospheric effects (see SOM). 
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microsignature could be displaced by larger-scale 
magnetospheric processes or through a deforma- 
tion ofthe local magnetic field by the are itself 
For a given set of elseton pitch angles (near 
30? during this observation) and energies which 
determine the election's drift rate relative to the 
are), and assuming absorbers composed primar- 


ily of water ice, the total are mass can be esti- 
mated fiom the magnitude of the LEMMS 
absomption (16). For energies between I and 10 
MeV, the observed depletion implies a total mass 
between 10* and 10" kg (sce SOM). If all this 
material were gathered into a single body, that 
jobject woukl be roughly 100 m across. Because 


Fig. 3. Six profiles of 
the Ging arc’s radially 0.6 
integrated brightness 4g 4 
(see SOM) versus longi- ‘ 
tude telative to aco = 02 
ordinate system rotating gg 
with a mean motion of 9.9 
445.475°Mday, Erors are gg 
based on random noise Se 
in the images. These Og 
errors are 0.02 and 013 
im forthe 25 April 2006 9 
‘and 19 September 2006 
data, respectively, and 5 
50 are not plotted. The 4 
arc’slongitudinalextent E 3 
is <60°, as expected § 2 
fora collection of par- 3 1 
ticles trapped ina 7:6 = 0 
resonance, Baus 
He 
Gos 
B07 
E 06 
2 
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Fig. 4. Corelation be- 
tween remote sensing and 
in situ data. The back- 
‘ground image shows the 
G ring's brightness as a 
function of radius and 
longitude measured rel- 
ative to the arc’s center 
(at 0"), The dotted tines 


Radius (1000 km) 


ing its three passages, 
through this region (A. = 
‘Luly 2004, B = 14 April 
2005, = 5 September 
2005). The solid lines 
show where an unper- 


200 
Longitude (relative to predicted arc location) 


=150 


REPORTS. | 


the gyroradii of I-MeV electrons are on the onder 
of a few kilometers here, the absomption signa- 
ture's250-km width indicates that this mass is not 
in a single body but is instead distributed among 
muiple objects 

The are observed in imaging data has a peak 
nomialized reflectance (or normal, see SOM) 
that increases from 10°* to 107 between phase 
angles of 90° and 165°, Such strong forward 
‘catering implics that the cameras mostly sce 
dust grains 110 1 um across (17). The HF values 
indicate that the normal optical depth in this 
dust is ~10, implying that the entire are 
contains between 10° and 10® kg of dust, which 
is much less than the absorbing mass required 
by the in situ data. The are must therefore con- 
tain a population of larger particles ranging 
fiom centimeters to meters across. The size lise 
tribution of these larger objects is not strongly 
constrained, but ifwe assume for simpli 
the larger bodies inthe are are on avera 
across, their total optical depth would only be 
around 10-7, well below our cument optical 
ection imit and comparable 10 previous 
cstimates based on Voyager and Pioneer data 
(1), We propose that impact eje 


objects supply the dust that forms not only 
the visible are but ultimately also the rest of the 
Gring. 


The bulk of the visible G ring lies exterior to 
the arc, and the radial brightness profile of the 
‘outer part ofthe G ring decay’s exponentially with 
a scale length of approximately 3500 km (/8) 
2) Curiously, the Cosmic Dust Analyzer’ 


(CDA) High Rate Detector (HRD) onboard the 
Cassini spacecraft (79) recorded an impact with 
an exceptionally lange dust grain at 10:38:25 UT 
‘on $ September 2005, when the spacecraft passed 
through the ring plane at 176,700 km, near the 
‘outermost edge of the visible G ring. Although 
the exact size of this grain is uncertain, it 
produced damage that was never observed in 
laboratory experiments. with grains less than 
100 jum across, so this grain was probably at east 
100 jum in size, We can explain both of these 
phenomena with a simple model similar to one 


=100 


turbed magnetic field line threading through the spacecraft would intersect the ring plane during these times. The triangle and diamond mark the time of the 
strongest absorption detected by LEMMS on 5 September 2005 (Fig. 2). 
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previously proposed for other dusty rings (17,20). 
Where small grains released fiom the are drift 
‘outward under the influence of nongravitational 
drag forees (such a plasma drag) while they are 
steadily eroded by collisions with ions, atoms, 
‘and smaller grains, 

Consider thatthe visible are represents dust 
released fom the surfaces of langer bodies by 
ns, Although the source bodies are trapped 
in the Mimas resonance, interactions with Saturn's 
magnetosphere allow dust to escape this region 
(U7), The magnetospheric plasma corotates with 
the planet’s magnetic field (period ~ 0.45 days) 
(21, s0 its mean motion is much faster than the 
Keplerian orbital motion. Momen- 
sfer from the plasma therefore causes the 
dust to drift outward over time. For a particle of 
mass m located at semimajor axis @ and with an 


orbital velocity v, a drag fore Fp will cause a 
motion daidt = alv(Fom). In 
proportional to the particle's surface area whereas 


‘mis proportional to its volume, so daidt & V/s, 
‘where » is the dust grains linear size 

AAs the dust grains drift outward, they will be 
steadily eroded by collisions with plasma ions, 
‘energetic particles, and other small grains. So 
Jong as the collisions do not completely shatter 
the drifting grain (17), the ms © will be 
proportional o the impactor flux times the grain’s 
cross-sectional area, so dbn/dt & 3 ane vide = 3° 
Thus, ds/da © s. Given that the G ring is namow 
(@a/a ~ 0.03) and assuming that the dra 
and erosion rates do not vary significantly across 
this region, » shoud therefore decay exponen- 
tially with distance from the source region 8a: 
that s,s = se", where 5 is the initial particle 


iz. eis the base of natural logarithms, and 3D is, 
a scale length determined by the orbital and mag- 
netospheric environments, 

‘The G ring’s brightness and optical depth + at 
2 given &a are proportional to the integral of the 
Particle cross section over the differential partic: 
size distribution at that location [t= fr ns Sas} 
Assuming that the ring is in a steady state, 
‘continuity requires that the number fux of par- 
ticks of a size s at a distance &a from the are 
‘equal the flux of particles of ize released from 
the are, which requires that n(s,Ba) ~ ms) (see 
SOM). Hence, t scales like s* and the optical 
depth also decreases exponentially with radial 
distance from the are'source, but with a scale 
length of D instead of 3D: t= te. This 
simple, generic model therefore produces a radial 
brightness profile with the same basic shape as 
that observed in the remote-sensing data. Fur- 
themore, the shorter scale length in the optical 
depth means that although the brightness of the 
ring at 176,700 km is reduced by over an onder 
‘of magnitude, individual particle sizes are 
reduced by only a factor of 2 or 3, so the gra 
detected by CDA could have been as small as 
about 200 jum across when it escaped the are 
. still small enough to be subject to non- 
tional accelerations) 
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The FERONIA Receptor-like Kinase 
Mediates Male-Female Interactions 
During Pollen Tube Reception 


Juan-Miguel Escobar-Restrepo, Norbert Huck,” Sharon Kessler,” Valeria Gagliardini,* 
Jacqueline Gheyselinck,* Wei-Cai Yang,? Ueli Grossniklaus™* 


In flowering plants, signaling between the male pollen tube and the synergid cells of the female 
‘gametophyte is required for fertilization. In the Arabidopsis thaliana mutant feronia (fer), 
fertilization is impaired; the pollen tube fails to arrest and thus continues to grow inside the female 
‘gametophyte. FER encodes a synergid-expressed, plasma membrane-tocalized receptor-like kinase. 
‘We found that the FER protein accumulates asymmetrically in the synergid membrane at the 
filiform apparatus. Interspecific crosses using pollen from Arabidopsis lyrata and Cardamine 


flexuosa on A. thaliana stigmas resulted 


2 fer-like phenotype that correlates with sequence 


divergence in the extracellular domain of FER. Our findings show that the female control of pollen 
tube reception is based on a FER-dependent signaling pathway, which may play a role in 


reproductive isolation barriers. 


of meiosis differentiate directly into. ga- 

metes, the meiotic products of hi 
plants undergo further mitotic divisions to form 
multicellular haploid structures called gameto- 


I contrast to animals, where the products 


phytes, which in tum produce the gametes. To 
accomplish fertilization, the gametophytes com- 
municate with and recognize cach other. In 
angiosperms, the male gametophyte (pollen) 
_germinates on the stigma and the growing pollen 


tube delivers the two nonmotile sperm cells to the 
female gametophyte (embryo sac). Proper deliv- 
«xy depends on signals trom the female gameto- 
phiyte(/, 2), These chemo Is wuide the 
pollen tube into the micropylar opening of the 
ovule, the reproductive structure that harbors 
the female gametophiyte. In the majority of flow- 
cing plant, inching Arabidopsis thaliana (Bras- 
sicaceae). the female gametophyte consists of seven 
cells: the egg cell, the two synergids (which fi 
just inside the micropylar opening of the ovule), 
the central cel, and the three antipodals (3) (Fig, 
1A) In Torenia fournieri (Serophulariaceae), the 
two synengids are necessary for pollen tube 
suidance (4). In most species, one of the 
synergids degenerates prior to or coincident with 
the pollen tube approaching the micropyle (5), 
‘The pollen tube grows into the degenerating 
ilform apparatus, a struc- 
nations of the cell wall of 
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both synergids (6). Pollen tube reception in the 
‘ovule involves the arrest of pollen tube growth 
(Fig. 1B), the rupture of the pollen tube, and the 
release ofthe sperm cells, which are subsequently 
targeted to the egg and central cells for feiliza- 
tion (7). Once the pollen tube has ruptured, 
attraction of further pollen tubes ceases: thus, 
‘only a single pollen tube will normally enter each 
micropyle 

Recent work in. thaliana has shown that 
pollen tube reception is controlled by female gx 
etophytic factors (8, 9), In heterozygous feronia 
(fer) and siréne (sir) mutants, all. female 
gametophytes develop normally but half of the 


ovules remain unfertilized. In these ovules, the 
pollen tube continues to grow inside the female 
gametophyte, fails to amest its growth, and does 
‘not rupture to release the sperm cells (Fig. IC). 
Pollen from the 
Wikltype ovules, indicating that poll 
wth and sperm delivery are unaffected (8, 9. 
Detailed cytological and ultrastructural analyses 
have shown that the synengids are normally 


specified and differentiated (4), which suguests 
that these mutants identify components of an 
active signaling process in which female game- 
tophytic factors control pollen tube behav ior and 
hence fertilization, Only a small number of 
factors involved in pollen germination, pollen 


tube growth, a 
molecular le 


id uidance are known at the 
1 (10-15). The mo 


seular events 


Fig. 1. Pollen tube 
reception smediated 
by the FERONIA RLK. 
(A) Diagram of a ma~ 
ture female gameto- 
Phyte. Abbreviations: 
AAC, antipodal cells; 
CC. central cel; EC 
egg cell; SC, syner 
Gid cells; FA. filiform 
apparatus; Ml, micro- 
pyle; PT, pollen tube. 
Scale bar, 30 jm. (8 
and ©) Epifluores- 
cence_ micrographs 


of Aritine Blue-stained ovules. Fluorescent signal indicates the presence of calle, 2 major 
component of the cell wall of the pollen tube. (B) A fertilized wild-type ovale. The white arrow 
indicates the ste of pollen tube arrest. (Q) An unfetiized fer gametophyft. The white arrow indicates 
the site of pollen tube arrestin wildtype ovules, the red arrow shows the pollen tube growing inside 
the female gametophyte, and arrowheads indicate two pollen tubes entering the same ovul. Scale 
bars, 30 jum. (D) Sequence difference between wid type and fr. Let: Denaturing high-pexformance 
liquid chromatography (DHPLO) chromatogram of a PCR fragment of AL3951550 amplified from 


the female control of pollen 
reception are unknown. Here, we show that FER 
‘encodes a kinsoactive wegporlike kinase, which 
is localized to the plasma membrane and, in 
particular, is asymmetrically localized to the 
filiform apparatus of the synengid cells. Inter 
specific crosses indicate that the interaction of the 
FER recqptor-like kinase with a putative ligand on 
the pollen tube may be involved in reproductive 
isolation barriers, 

To gain insight into the mokcular basis of the 
sling event underlying pollen tube reception, 
we molecularly cloned FER with the use of po- 
sitional methods (/6), We mapped the mutation 
to ABgS1SS0, which in the fer mut 
4-base pair (bp) insertion comesponding to the 
footprint Ieft fier excision of a Ds transposon 
(Fig, 1D). Because sir shows the same phenotype 
Wwe sequenced the coding region of AGgS1S: 
the mutant and found a single base pair deletion 
(Fig. 1E). Both mutations lead wo frameshifts that 
result in premature stop codons; therefore, FER 


1580 plus 
and downstrea 


2.6 kb and 1.2 kb of upstrcan 
sequences, respectively, compl 
notype (table S1), demonstrating that A 
corresponds to the FER gene (fig 
The FER open reading frame contains a sing! 
175-bp intron in the 5° untranslated region and 
produces a transcript of 2682 bp, which encodes 


a putative receptor-like serine-threonine kinase 
(RLK) (Fig. IF) 

FER, which isa unique gene in A. thaliana, 
belongs to the C-RLKIL-1 subfamily of kinases, 
no members of which known funetion 
2A) (/7), Plant RLKs belong 
anily with more than 600 mem. 
ismemibrane protcins that 

n extracellular domain 


.¢ signals through 
and subsequently acti 
their intracellular 
tion consistent with the role of FER in a signaling 


aling cascades via 


nase domain, molecular fine 


process 

To determine the activity of the predicted in. 
tracellular kinase domain, we tested whether FER 
autophosphorylates in. an in vitro kin 
The predicted intracellular domain (FERwt) and a 
kinase-inactive version (FERKR) were fused to 
glutathione S-transferase (GST), GST and GST 
FERKR exhibited no kinase activity, whereas 
GST-FERt was autophosphorylated (Fig. 2B) In 
addition, experimentally verified phosphorylation 
sites were present in the FER ki in (19) 
(Fig. 1F), Taken together, these findings show that 
FER encodes a kinase-active RLK involved in a 
novel signaling pathway that plays a critical role 
in the the communication between 
sd for 


lization, 
To evaluate whether the expression of FER is 
consistent with its proposed role in pollen tube 


Sy ATES cre AAT 
LN 

RaAW. 2 
STG Ttt _gtA TAG GCT 


DNA of Landsberg erecta (Ler), ferFER (in Ler), and Columbia wild-type plants crossed with fer (Col x sd 

fer). The adtional peaks (ars) in the elution profiles from ferFER plans refet the sequence Time (minutes) 

difference due toa 4-bp insertion in the fer allele. Right: Coordinates ofthe insertion and premature a 

stop codon in fer. Amino acid abbreviations: F, Phe; L, Leu; N, Asn: P, Pro; R, ArT, Thr: V, Val: ¥, Tyr. * * 7 nc «TTT ACA CCG // s6GTG 

(B) Sequence difference between wild type and sir. Left: Sequence chromatogram of si/SIR (in C24 ‘sir T P //aw0V 

accession); arrow shows a double peak indicating a sequence mismatch. Right: Sequence and + ey 

coociates ofthe same chromatogram region indicating 2 1-bp deletion and subsequent frameshift Vj 7 Sates 

that leads to a premature stop codon in sir. (F) Diagram of FER’s predicted domains. SP, signal . 

Peptide; TM, transmembrane domain; KINASE, kinase domain. Black vertical bars, sites of fer and sir F fer 

mutations; K, site-directed mutagenesis of the conserved Lys of the kinase domain; asterisks, sure Sif 7 = 

experimentally located phosphorylation sites (19 SL 
SP 
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reception, we examined the temporal and spatial 
‘expression pattern of FER. Quantitative real-time 
Feverse transcription polymerase chain reaction 
(REPCR) revealed FER mRNA throughout the 
‘mature plant—specifically in leaves, buds, flow 
ers, and siliques—but it was not detected in 
‘mature pollen (Fig. 2C). By in situ hybridization, 
FER transcripts were detected in floral apices, 
‘young ovule primordia, and young anthers with 
immature pollen (Fig. 3, A to C). In older anthers 
harboring mature pollen, FER transcript was not 
detected (Fig. 3D), consistent with the quantita- 
tive real-time RT-PCR experiments and the Female- 
specific role of FER in fenilization, In emascu- 
lated flowers, a very weak FER signal was detected 
thoughout mature unfertilized ovules, anda stron 
er signal could be detected in the synergid cells 
(Fig. 3E), After fenilization, FER transcripts were 
‘detected in globular embryos (Fig. 3G), consistent 
with the finding that in rane cases where fertile 
ization of fer gametophytes is achieved, the re- 
sulting homozygous embryes abort (8). In. our 
‘complementation experiments, both the detect in 
pollen tube reception and embryo lethality were 
rescued by a wild-type FER transgene, demon- 
sirating that FER is also requited afer fertliza- 
tion (lable SL). A genomic fragment containing 
the putative FER promoter (1.3 kb upstream of 
the start codon) was fused to the bacterial idl 
gene encoding Beglicuronidase (GUS) 10 con- 
firma the weak expression of FER observed in 


NO angracro 


mature female gametophytes. Using a chromo- 
‘genic substrate for GUS, we found that the FER 
promoter is highly active in the synengid cells 
(Fig. 3, Land J), Thus, the spatiotemporal ex- 
[pression pattern of FER is consistent with a func- 
tion in pollen tube reception. 

To investigate the subcellular localization of 
FER, we bombanged onion epidermal cells with a 
FER-GFP construct driven by the FER promoter 
(PFER::FER-GFP), The FER-GFP (green fluo 
rescent protein) fision protcin was localized 10 
the plasma membrane (Fig. 4, A and B), in con- 
trast 10 GFP driven by the constitutive 33S 
[promoter (35S::GFP), which is detected through- 
‘out the cell (Fig. 4, Cand E), The pFER::FER- 
GP construct was also stably transformed into 
A. thaliana and fally complemented the fer 
mutation (lable $1), and the fasion protein was 
localized at the plasma membrane in lea 
epidermal cells (Fig. 4D). Unteilized ovules 
accumulated high levels of GFP signal in the 
lower part of the synergids (Fig. 4F) where the 

form apparatus is located. Weaker GFP 
fluorescence was detected in the membranes of 
the synergid cells and in the surrounding maternal 
sporophytic cells, as well as fintly in the ewe cell 
(Fig. 4G). Because the filiform apparatus isa 
structure rich in plasma membranes, we testad 
Whether the asymmetric distibution of FER: might 
simply be due to an enrichment of plasma 
membrane in the area, Therefore, we compared 


Fig. 2. FERONIA, a plant-specific, widely expressed RLK, phosphorylates itself. (A) Unrooted tree 
showing FER and homologs from different specie. The FER homologs, whose clade is supported by a 
100% bootstrap value, are in the shaded area. The other plant species together with A. thaliana in this 
clade are A. lyrata, B. oleracea, B. rapa, and C. flexuosa homologs 1, 2, 3, and 4 (Brassicaceae), Oryza 
sativa (Os, Poaceae), and Populus trichocarpa Galicaceae). The est ofthe tree contains the A. thaliana 
members of the CrRLK1L-1 subfamily of kinases. The branch length scale bar represents 0.1 
‘substitutions per site. (B) FER autophosphorylates during in vitro kinase assays. Top: Coomassie-stained 
gel of proteins used in the kinase assays. Bottom: Phosphoimager scan of gel in top panel. GST and 
GST-FERKR (FER Lys" — Arg in Ler, FER Lys“? — Arg in Col-O) have no kinase activity, whereas GST-FERWt 
{is autophosphoryated.(C) Quantification of FER transcripts in leaves, closed flower buds, open flowers, and 
siliques (collected 1 to 4 days after hand pollination) and mature pollen grains. Transcript levels were 
normalized to 185 ribosomal RNA; means and SEs of three independent experiments are shown. 


Fig. 3. FERONIA is expressed in developing 
primordia and synergid cells. (A to H) In situ 
hybridization with an antisense FER probe [(A) 
to (6), (G)] or with a sense probe [(F) and (H)). 
FER mRNA is present in the floral apex (A) and 
in ovule primordia (B). FER mRNA is expressed 
in anthers and microspores during early pollen 
development (C), but the transcript levels in 
mature pollen (0) are below the limit of 
detection (inset shows the sense contro. (E) 
FER transcript can be detected in the synergid 
ells of the female gametophyte. (F) Sense 
control in the female gametophyte. (G) After 
fertilization, FER mRNA was detected in globu- 
lar embryos. (H) Sense control in a fertilized 
ovule with a globular embryo. (I and J) Analysis 
of the FER upstream transcriptional regulatory 
region. (1) pFER::GUS is active in both synergid 
cells. () Higher magnification of the synergids 
from another ovule. Scale bars, 100 um (A), 30 
sum ((B), (EF), (D, (DL, 15 jum (C), 70 ym (0), 
and 50 jum [(G) and (H)]. Abbreviations: FP, 
floral apex; OP, ovule primordia; CW, carpel 
wall; MP, microspore cells; TP, tapetum cells; 
PG, pollen grain; CC, central cell; EC, egg cell; 
SC, synergid cell; GE, globular-stage embryo. 
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the distribution of FER to th 
fusion construct that has a plasma 


localization motif and is expressed in 


der the same conditions, FER 
much higher inthe filiform app 
compared to EGEP-AROPOC ( 
finding sug 
the filiform apparatus. Taken tog 


consistent with a mode! in which FER, localized 


iforrn 
pproaching make gametophyte, 


triggers the molecular events involved in pollen 


tube reception, 
Because a signal transduction 
tiated by the inter 
putative polle 
fertili 
components. of 
reproductive isola 
by 


teractio 


1 is similar to sperm 
animals (20), but it occurs at the level 
phytes rather th 


gence in the protein sequence of the putative 


ligand-binding extracellulr domain 
changes in the pollen I 


interspecific fertilization events. Intes 


interspecific crosses of Ri 


pollen tube growth does not arrest, This results in 
pollen tube overgrowth in the female 
phyte, similar to the phenotype observed in fer 
(2/, 22) our model is comet, an interspecific 


Fig. 4. FERONIA is a cell membrane. 
localized RLK targeted to the filiform 
apparatus, and sequence divergence in 
its extracellular domain correlates with 
{feronia-tke phenotypes in interspecific 
‘crosses. (A) Transmission image of a 
plasmolyzed onion epidermal cel tran 
siently expressing FER-GFP under FER 
promoter (pFER:FER-GFP). Black arrow 
Points to cell walt white arrow points to 
Cell membrane. (B) Confocal laser 
scanning microscopy (CLSM) single 
optical section of (A) with FER-GFP 
localized at the periphery of the cell 
membrane. (C) Epifluorescence micro- 
graph of an onion cell transiently 
expressing (355:GFP),(D) CLSM single 
optical section of leaf epidermis of an 
A. thaliana plant stably transformed 
with pFER:FER-GFP. (E) A. thaliana leaf 
epidermal cell transiently expressing 
(35S:GFP), (F) Owile from the same 
plant as in (D) under CLSM; GFP signal 
in green, chlorophyll autofluorescence 


in red. (G) Maximum projection of several sections of the micropyle area of 
covule in (F) showing FER-GFP accumulation in the fiiform apparatus of the 
synergids. (H) Maximum projection of several sections of pAtD123=EGFF 
AIROPEC female gametophyte. Upper arow indicates upper part of syneraids 
lower arrow indicates region of filiform apparatus. () Gametophyte of a wild- 
type A. thaliana plant pollinated with pollen from A.lyrata, showing pollen tube 
avergronth (white arrow). ()) Gametophyte of a wild-type A. thaliana plant 


netophyte (pAiD123:EGFP-AIROPOC). Un- 
FP levels were 


of the synergids’ cell membranes. when 


xcsts that FER is polary transported to 


paratus, binds a putative ligand 


the FER RLK with a 
ligand seems necessary for 
ion, it is possible that chan, 
this interaction could act 
jon bariers. To some extent 
cen the pollen tube 


n gametes. For example, diver 


and could prevent 


dixlenddrom species, 


wother GFP cross where wild 


a related Br 


membrane 
the female 


Therefore 


spec 
than in the 


germinated but failed to g 


Ws towa 


41D), This 


the close relative Aral 
the data are 


B 


and were ferilized; 52% of 


which then 


same micropyk, showing polle 
inside the female gametophyte 


as Was observed in fer mutants ( 
ovules), In erosses with a mo 
Candamine flesuasa, oly 7. 


of gameto- pollen tubes coli 


imicropyles but recep 


of FER or like phenotype (7 


ype A. thaliana is pollinated by 
species with a sufficiently 
ight also produce a fer-like 
we performed inter- 

ic crosses between A. thaliana and different 
Brasicaceae species. In most crosses, the pollen 
the ovules, 
as reported previously (23-26), In erosses with 
ypsisIyrata, pollen tubes 
were correctly targeted to the ovule but only 
he embryo sacs received pollen tubes 
wuks we 

fertilized with more than one pollen tube in the 


30.% of the ovules had pollen tubes. that 
‘continued to grow inside the female gametaphy te 
4h 
jistant relative, 
of A. thaliana 


putside the micropyle, and in 
of the ovukss the pollen tubes enterad the 


4). In 


likely that F 


the A. thalian 
the pollen tu 
demonstratin 
Jen tube for 


failed recep 
gent ligand th 


wth and one that 


degree that 
A. thaliana F 
Tike phenotyp 


813 


‘ovuks attracted pollen tubes; of these, 1.6% had ligand wouk 
nd the pollen tubes that entered the micropyle and — diverg 
tions in stopped as previously reported (27) 0.8% hi 


homolo, 
ratio berw 
substitutions 


a fer 


summary, around S0% and 70% of the A rata the number 
restingly, in and C flexuosa pollen tubes that entered a wild- synonym 
type A. thaliana embryo sae, respectively, — th 


displayed a fer-like phenotype. 
gamete 


transduction cascade in the interact 


the pollen tube 


od the receptive syne 
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Given the involvement of the FER signal 
between 


id, it is 


tween A th 


4K 


Ath 


Aly 


tube reception in these in 


FER RLK. In the 


or ligands are predicted to have diverged 10 a 


nee in FER’s ext 

is proposed to interact with this 
To test this hypothesis, 
ind 


ER plays a role in the failed pollen 
Specific crosses. In 
A. Iynata crosses, about half of 


ube reception events were normal, 
the capacity of the A. fyrata pole 
a nomnal reception response, How. 


ever, in the same cross, fer-ike phenotypes were 
observed, This su 


ts two possible reasons for 


jons: (i) They are caused by a diver- 
hat is inefliciently recognized by the 


receptor domain of the A. thaliana FER RLK, ot 


ult fom the presence of two poly 


morphic forms of the putative ligand, one that is 


ized by the A. thaliana 
e of © flecwosa, the ligand 


they cannot be recognized by the 
ER RLK, thereby causing the fer 
pe in A, thaliana ovules. We expect 


that a divergence in the sequence of the putative 


Id also be reflected in sequence 
lular domain, which 


rm 
we isolated FER 
ulated the 


species and ca 
nthe number of 1 
Per nonsynonymous site (Ka) and 


of synonymous substitutions. per 
site (Ks) (28) as an indication of 


haliana and A. rate (one FER 
flexuosa (four FER homologs) 
SID). In all comparisons, 


higher KaKs values occured in the putative 


atiana| Atthaliana 


rata C.lexuosa 


£, 


ELGG 
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poltinated with pollen from C flewosa, showing pollen tube overgrowth (white 
arrow). () Kas ratios calculated using a siding window analysis wth windows 
‘of 86 codons and a step size of 43 codons ofthe coding region of FER (excluding 
the signal peptide) in A. thaliana, A. lyrata, and C. flexuosa homolog 1. The east 
<divergent homolog of C flewosa is shown. Scale bars, 30 yim [(),(B), (F, (D, 
)], 60 um (©, 10 um [(D) and (6,20 yum [(G) and (H)].SC, synergid cell; FA, 
filiform apparatus; EC, egg cell. 
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ligand-binding extracellular region, which indi- 
cates that this domain shows the greatest degree 
of amino acid diversification and evolves faster, 
than the highly conserved intracellular kinase 
domain (29), The high sequence divergence in 
the extracellular domain of FER may contribute 
to reproductive isolation between two species, 
as has been proposed for other genes involved 
tion at fertilization (30). 

est that FER acts in the filiform 


hie zation. We propose that the 
ction between the putative male ligand and 
the extracellular domain ofthe FER RLK triggers 
4 signal transduction cascade inside the synergid 
cell. A subsequent signal then feeds back from 
the synergid to the pollen tube, causing growth 
arrest and the release of the sperm cells. Con- 
cceptually, this process is similar to the signaling 
‘events occurring during the selFincompatibility 
reaction in Brassica spp. (32). [nan incompatible 
pollination, a pollen ligand interacts with a stigma 
‘expressed RLK, inducing a signaling cascade in 
fexnae papilla eels. which then signal back to the 
polka and inhibit its gemination. Further studies 
‘ofthe FER signaling pathway will help to uncover 
the molecular mechanism of fertilization and 
reproductive isolation in plants. Furthermore, the 
manipulation of RR pathway might allow 
the generation of hybrids between otherwise 


incompatible species. 
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Quantitative Mass Spectrometry 
Identifies Insulin Signaling 
Targets in C. elegans 


‘Meng-Qiu Dong,? John D. Venable,” Nora Au,2? Tao Xu,” Sung Kyu Park,” Daniel Cociorva,? 


Jeffrey R. Johnson,’ Andrew Dillin,? John R. Yates II 


DAF-2, an insulin receptor-t 


ike protein, regulates metabolism, development, and 


ing in 


Caenorhabditis elegans. In a quantitative proteomic study, we identified 86 proteins that were 
more or less abundant in long-tived daf-2 mutant worms than in wild-type worms. Genetic studies 
‘on a subset of these proteins indicated that they act in one or more processes regulated by DAF-2, 
including entry into the dauer developmental stage and aging. In particular, we discovered a 
‘compensatory mechanism activated in response to reduced DAF-2 signaling, which involves the 


prot 


he insulin signaling pathway and insulin- 
| like growth factor-I (IGF-I) signaling 
pathway are conserved from invertebrates 
tomammals(/, 2). DAF-2, the sole homolog of the 
insulin receptor or IGF-I receptor in C. elegans, 
controls the expression of presumably a large 
number of downstream targets by negatively 


phosphatase calcineurin. 


*Scipps Research Inu, La ol CA 92037, USA. “Sak 
Insite for Biological Studies, La Joa, CA 92037, USA 
"Univesity of Cfomia at San Diego Lal, CA92053, USA 
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regulating DAF-16, a FoxO transcription factor 
(3-8). In this study, we integrated technological 
advancements in quantitative mass spectrometry 
(MS) (9-12), including labeling mulicellular oF- 
‘ganisms with the "N stable isotope, to identify 
DAF-2 signaling targets. We made direct mea- 
surements of proteins as opposed to mRNAs, 
which are not final gene products. Our method 
allows for the identification of targets not regulated 
at the transcription level. The MS techniques 
demonstrated in this study can be readily used to 
determine protcin abundance changes as a result 
Of genetic or pharmacological perturbations. 


We prepared lysates from wikltype (WT), 
daf-16¢mu86) wll, ot daf-2(e1370ts) worms in 
their first day of adulthood, a period important for 
regulation of longevity by DAF-2 signaling (8). 
‘These lysate samples were mixed at a. 1:1 ratio 
with a reference sample in which all protcins 
were labeled with '°N (atomic enrichment of 
SN > 96%) [(12) and fig. SI]. This reference 
sample wasa lysite of WT wonns fed with bacte- 
ria that were grown in_a medium enriched in 
SN. Soluble proteins (S100 fraction) from the 
Iysate mixtures were then digested and analyzed 
by MS. A total of 16X85 proteins were identified 
its "'Nabeled counterpart as a refer 


wih 8 ode 
software (10). We a 
seston ts seas abundance of fatidal 
ins by spectral counting (SC), in which we 
‘counted how many times the unlabeled version 
ofa protein was identified by the fragmentation 
spectra of its peptides. Spectral counts corre- 
late with protein abundance (//). We detected 
little difference between the daf-16 and WT 
simples (fig. S2A), reflecting the fact that a=16 
and WT adult worms were phenotypically simiar 
‘under our experimental conditions (3, 46-8). In 
contrast, we observed many protein abundanc 
changes in the daf-2 mutants as compared with 
those in WT worms (fig. S2B), with an obvious 
correlation (i) between the RelEX and SC 
measurements (F = 0.59) and (i) between the 
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samples (7 = 0.83, fig. $3). Using 
stringent criteria that_ emphasize high-quality 
measurements and consistent changes (table St), 
\We identified 86 proteins that were differentially 
expressed in the $100 faction of the daf-2 
sample (tables S2 and $3), OF these proteins, 47, 
\Were more abundant and 39 were less abundant 
than those in the WT sample. A subset of these 
proteins corresponds to known DAF-16 target 
genes, including superoxide dismutase sod-3 
(7.13). 

‘To assess the quality of the quantitative MS 
results, we used selected reaction monitoring 
(SRM) to validate a subset of these results. For 
SRM, we measured the intensity of a specific 
fragment ion fiom a specific procursor ion (72), 
SRM is suitable for monitoring selected peptides at 
rnuiple time points. We reasoned tat ia protein 
is truly regulated in daf2 mutants, then the 
rence in its abundance between the WT and the 
du-2 rnatant animals should inerease gradually 
during the temperature shift trom 15°C (permis- 
sive for €1370) to 20°C (semi-permissive) and 
25°C (nonpermissive), This was indeed the ease 
\With the three proteins that we monitored (Fig. 1, 
A 10 C), Western blotting results also correlated 
directly with MS results for nine proteins tested 
(Fig, 1, D to L, and fig. $4), Thus, the SRM ant 
Wester blotting results confirmed the accuracy 
‘of the quantitative proteomic results 

Other researchers have previously identified 
DAF-16 target genes that barely 0 
tween studies (/3-16), To help clarify this issue, 
‘we compared results (lables S2 and $3) and 
wand that ours matched! best with a microarray 
analysis by Murphy et af. (3). In total, only 38 
proteins identified in this study were identified 
in provious studies (lables S2 and S3). The re- 
Inaining $1 proteins may be previously un- 
recognized targets of the DAF-2 signaling 
pathivay, 

‘To understand the protein abundance changes 
in the context of protein function, we alopted 
GoMiner software (77) to classify the difleren- 
tially expressed proteins on the basis oftheir an- 
notation in the zene ontology database (table $2), 
Proteins whose abundance decrensed in yf? mn 
tant animals were enriched for functions in trans- 
lation elongation and lipid transport. In contrast, 
proteins that became more abundant in laf-2 
‘mutant animals were enriched for functions in 
‘amino acid biosynthesis, oxygen and reactive ox- 
yen species metabolism, and carbohydrate me- 
tabolism [including gluconeogenesis and the 
unlyoxylate eyele (GC), a modified version of the 
tricarboxylic acid eyele) 

‘To determine whether the signaling tanets iden- 
tified in this study fimction in DAF-2-dependent 
processes such as dave formation, we used RNA 
interference (RNAi) to analyze a subset of these 
targets (Fig. 2A). We found that npa-! RNAi 
suppressed daver formation in laf? mutants as 
strongly as did duf-16 RNAi. npx-! encodes a 
polyprotein precursor for multiple fatty acid 
binding and retinol-binding proteins (www 
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wormbase.org). This result suggests that NPA-  dauer formation. Several 
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Fig. 1. Confirmation of quantitative proteomic results by SRM and Western blotting. (A to C) SRM 
‘quantitation of the abundance of F1SE11.1/14, 02096.8, and Y19D10B.7/F15E11.13 in WT (N2) and daf-2 
mutant animals after a temperature shift from 15° to 20°C for 3 hours and then to.25°C for 20 hours. 
‘Samples were collected (at times indicated), lysed, and mixed at a 1:1 ratio with a ™*N-labeled standard 
‘derived from WT worms. The $100 fractions were analyzed. (D to L) The amounts of nine proteins in the 
$100 fraction of WT, daf-16(mu86), or df-2(e1370ts) worms were visualized by Western blotting. Shown 
below the biot of each protein is the relative abundance of that protein normalized to the WT amount as 
determined by RelEx with the use of a "*N-labeled standard [(D) to (K)] or by normalized SC (U. 
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Fig. 2. Function of a subset of the identified DAF-2 signaling targets in lifespan regulation, dauer 
formation, or both. (A) Suppression of dauer formation of daf-2/e1370ts) animals by RNAi of npa-1 and 
several genes involved in carbohydrate metabolism. Percentages of dauers were averaged from four (for 
Ctrl, dgf-16, R1IAS.4, and gpd-2 RNAi) or two (for RNAI ofthe remaining genes) independent experiments 
(n> 110 animals in each experiment) Error bars indicate SE. Ctl, contro. (B and ©) Effects offop-1, gpd-2, 
RIIAS.4, and aco-2 RNAi on the life span of daf-2(e1370) mutant animals (one experiment, n> 39 
‘animals. (D) Effects of RNAI of inf-1, 2 translation initiation factor, and ef-2, an elongation factor, on the 
life span of WT worms (one experiment, 2 > 80 animals). All P values are less than 0.05 (log-rank tests) 
between sample and control. 
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Fig. 3. Identification of TAX-6 as a 
target and @ positive regulator of 
DAF-2 signaling. (A to F)TAX-6::GFP 
was expressed in neurons (open 
arrows) and in the cytoplasm Golid 
arrows) and nucleus (arrowheads) 
of intestinal cells. tax-6(p675); 
ExfpAK13] animals were imaged 
at magnifications 100x [(A) to 
()] and 400x {(0) to (F)). DIC, 
differential interference contrast. 
(G) Expression of TAX-6::GFP in the 
intestine of animals treated with 
control, daf-2, oF tax-6 RNAi. The 
intensity of cytoplasmic and nuclear 
TAC6:GFP in the intestine was 
scored separately. Percentages of 
worms expressing strong (+++), = 
intermediate (++), weak (+), veryweak 

2 


G4/-), oF background (-) TAX-6:GFP 
inthe intestine were averaged from 
three experiments (7 = 39 animals 
in each experiment), (H) Effects of 
the tax-6(9675) mutation on dauer 
formation and a synthetic elfect with daf-2 RNAi. 
(mu86) (°3" and "4", and tax-6(9675) (°5” and 


Given the importance of insulin signaling and 
IGF-I signaling in aging, we asked whether these 
targets play a role in life-span regulation, 
focused on a subset of proteins involve in gluco 
neogenssis, GC, or translation, RNA of some of the 
ones that we tested showed effect 
‘on file span (able $4). However, RNA‘ Of RILAS 
(phosphoenolpyruvate carboxykinase), shp-1 
(fiuetose bisphosphatase), gx (elycerakdehyde 
3-phosphate dehydrogenase), and aea-? (aconi- 
tase) further extended the Tite span of daf-2 
mutants (P< 008, log-rank test) (Fig. 2. B and 
(C) and so did RNAV of gpi-1 (glucose phosphate 
sc) (18). RNAi of eff? (an elongation 
tor) OF inl (an initiation fxctor) shortened 
the lie span of WT worms (P < 0.05, log-rank 
test) (Fig. 2D), Because RIIAS4, FBP-1, GPL 
nd GPI-I_ showed increased aby 
2 mutant, whereas EFE2 


1 showed decraasad abundance (table $2), these 


nslation do not necessarily contribute to the 
longevity of daf-2 mutants. Instead, such changes 
may reflect a compensatory mechanism or 
mechanisms activated by a reduction in DAL 
signaling, 

Another protein exemplifying a compensatory 
mechanism is TAX-6 or CNA-L, the C. elegans 
calcineurin A protein that is the catalytic subunit 
‘of a serine or threonine protein phosphatase. The 
activity of calcineurin A requires the regulatory 
subunit calcineurin B (CNB-I in C. elegans) (19). 
TAX-6 and CNB-1 are expressed in multiple cell, 
types (20, 2/) including intestinal epithelial cells 
(Fig. 3, Ato Fa tion for DAF-16 (22) 
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Ofpasme GFP Nacea GFP 


6°) animals were treated 
with daf-2 ("2," "4," and “6") or control RNAi ("2," “3,” and “5") at 27°C 
(black, one experiment) or 25°C (gray, average of two experiments) (n > 120 
animals in each experiment). (I) daf-16(mu86) suppressed tax-6(p675) dauer 


avers @ 27°C (%) — 
Tr 


x 


‘Surviving Fraction 


Wr ("1" and “2°, dof-16 


(0.01, log-rank test) 


Neither 1ax-6 nor enb-1 has been implicated in the 
DAF ig pathway. Both genes lack the 
DAF-16 binding element (/3) in a 1.S-kb rey 
upstream of the start codon, 

Our MS result indicated a higher TAX-6 
abundance in daf-2 mutant worms as compared 
to WT worms (table S2). This was verified by 
Wester blotting (Fig. LL) and by comparing the 
green fluorescent protein (GFP) signal in animals 
expressing a TAX-6:GEP fasion protein (Fig 
3G) (20), When these worms were treated with 
daf-2 RNAi, cytoplasmic as well as nuclear 
TAX-6::GEP increased in intestinal cells. 

Both sar-6 and enb-1 loss-of-function mu- 
displayed phenotypes that were simil 
cr than those of daf-2 mutants, such 
‘an extended life span and increased propensi 
to entering the dauer phase (Fig. 3, H to K, 
fig. SS, and table $4), tax-6(p675) acted syn- 

istically ig. 3H), and daf- 
T6(mu86) partially suppressed tax-6(p675) (F 
3,Tand J). Thus, the TAX-6 and CNB-I complex 
() facilitates DAF-2 signaling in life-span re 
‘gulation and daver formation and (i) acts in par- 
allel to DAF-16 or acts both upstream of and in 
parallel to DAF-16, Further epistasis analysis 
suggested that azx-6 acts upstream ofr in parallel 
to age-1, which encodes a phosphatid 
Jkinase downstream of daf-2 (sce supporting 
‘online material text). 
Although TAX-6 facilitates DAF-2 signalin 


signaling results in 
abundance of TAX-6. Thus, TAX is part of a 
fecdhack loop that acts to maintain DAF-2 sig- 
naling at normal Ievels. This again suggests a 


H 
2 
as 
ilom 
VWI Dat? Saeki 
a, 


rrr a 


‘are 


formation (average of two experiments, n > 300 animals per experiment). 
() daf-16(mu86) suppressed the long life span of tax-6(p675) mutant 
animals (one experiment, > 80 animals, P< (0.01, log-rank test (K) cnb-1 
mutants displayed an extended lie span (one experiment, n 2 80 animals, P< 


compensatory mechanism, We propose that the 
lite span of daf-2 mutants results fom Wo types 

ges: One change extends life span (e.2., 
andl the other, represented by the com- 
pensatory mechanism(s) involving TAX-6 and 
several proteins functioning in carbohy 
tabolism or translation, shortens tite span, Thus, 
inhibition of the compensatory mechanism can 
father extend the fife span oF caf? mutants (c 
g.. by aco-2 RNAi), Further investigation of the 
compensatory mechanism and DAF-2 signaling 
targets identified here is likely to aid the research 
of diabetes and aging in mammals 
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Forced Unfolding of 
Proteins Within Cells 


Colin P. Johnson,**++ Hsin-Yao Tang,?* Christine Carag,*+ 


David W. Speicher,” Dennis E. Discher™*+z4) 


To identify cytoskeletal proteins that change conformation or assembly within stressed cells, in 
situ Labeling of sterically shielded cysteines with fluorophores was analyzed by fluorescence imaging, 
‘quantitative mass spectrometry, and sequential two-dye labeling. Within red blood cells, shotgun 


labeting showed that 


ided cysteines in the two isoforms of the cytoskeletal protein spectrin were 
increasingly labeled as a function of shear stress and time, indicative of forced unfolding of spec 


domains. Within mesenchymal stem cells—as a prototypical adherent cell—nonmuscle myosin A 
and vimentin are just two of the cytoskeletal proteins identified that show differential labeling in 

tensed versus drug-relaxed cells. Cysteine labeling of proteins within live cells can thus be used to 
fluorescently map out sites of molecular-scale deformation, and the results also suggest means to 
colocalize signaling events such as phosphorylation with forced unfolding. 


nduced changes in protein confor- 
tion have long been postulated to con- 
bute to the deformability of cells (2), 
Likewise, in cell adhesion, forces of pica-Newton 
magnitude that result from cells palling on 
Inatrix (3) are believed to induce conformational 
changes that initiate essential anchorage signals 
measurements indoed 
domain unfolding occurs in reversible 
extension of purified cytoskeletal, motor, and 
matrix adhesion proteins (9-2), and simuba- 
tions of the molecular dynamics of protein 
extension have helped to clarify mechanisms 
(13-15), Diteet cell-level evidence is lacking 
‘oF even contrary to forced unfolding (/6), al- 
though cytoskeletal association of a lange and 
sensitive antibody has sug 
gested extension of a profine-Fil 
‘one protein within spread, fixed 
The more broadly directed “shotgun” approach 
here is applied to live cells under physiol 
ical stresses and exploits small thiol-reactive 
probes that permanently label force-sensitive 
domains. 

Cysteine (Cys) is a moderately hydrophobic 
amino acid that is frequently shielded by tertiary 
‘or quaternary protein structure. Label 
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tcine’s SH moiety has been exploited in solution 
denaturation studies on a few small purified pro- 
. 19), as well as in an ancmia-causing 
mutation in the rod blood cell (RBC) 
protcin spectrin (20). In addition, forced unfold- 
ing of single proteins with core-saquestered di- 
sulfides demonstrates reduction of the S- 

tive thiols in the medium 
(21,22). We show here in intact cells, that frce- 
induced changes in protein structure can also 
expose—for relatively rapid reaction — specific 
buried Cys (Fig. 1) in a number of key eyto- 
skeletal proteins, Sequential n-dye-labeling 
With different color fluorophores (n = 2 bere) 
proves to be a facile approach to amplifying 
gnats from shickled sites relative to prela- 
bbeled surface sites (23), We illustrate the range 
Of this in situ “Cys shotgun™ approach, firs, 
with the relatively simple human RBC, which 
allows for the most direct demonstration of 


ligand 


wnat} 


forced unfolding in Muid-stressed cells then, with 
hhuman mesenchymal stem cells (MSCs) under 
cxll-gencrated tension, 

Red blood cells deform undet 
stresses of blood flow, and the spect 
brane cytoskeleton has proven central to cell 
formability (24), Speetrin’s a and 5 chains 
interact to cross-link Feactin in this cell, and in 
single-molecule studies, spectrin’s tandem array 
‘of helical bundle domains (Fig, 1) are found to 
unfold at low forces [-picoNewton (25-27)] 
that could be generated by just a few myosin 
motor molecules. There are 20 Cys in spectrin 
and 15 Cys in frspectrin, and some of these 
appear buried in erystal structures (Fig. 1) and 
homology models. To assess exposure of Cys in 
unfolding of spectrin and all of the other RBC 
membrane proteins, cells were reversibly lysed 
to make hemoglobin-depleted pink “ghosts” that 
were rescaled with entrapment of the Cys- 
reactive fluorophore IAEDANS, Dye-loaded cells 
\were then cither held static in suspension at vari 
‘ous temperatures or else sheared over a physio 
logical range of stresses with a standard Muid 
shearing device. Afler $ min or more, cells were 
relysed, excess dye was quenched, and cells were 
maga to assexs membrane labeling (Fig. 2A). 

Solubilized cells were denatured, and all Cys 
that were not dye-labeled were alkylated with 
iodoacetamide (IAM). Separation of mem 
brane proteins by one-dimensional (1D) SDS: 
polyacrylamide get electrophoresis (SDS-PAGE), 
followed by densitometry, showed! S0% mone 
TAEDANS fluorescence in the bands of a= and 
Bepectrin from the shear simples (Fig. 2A: 15 
runs at 37°C); sequential two-dye labeling may- 
nifics this diflerence to >SO0M%, as. describad 
below. Labeling under shear is only enhanced 
for spectrin: Labeling of the other major mem- 
brane proteins (ankyrin, protein 4.1, actin, etc.) 


incessant 


Fig. 1. Force-induced changes in 
protein structure within cells are hy- 
pothesized to expose novel binding 
sites for ligands. This example of a 
molecular dynamics simulation shows 
that Cys!” in fspecrin exposes 0 A? 
surface area (of 224 A*) until forced 
extension [e.g., (25)] exposes the -SH 
for reaction with a thiol-reactive fluo- 
rescent dye. 
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\was not affected by fluid shear, which suggests, 
together with additional results below, that mix- 
ing is not limiting, 

Liquid chromatograpty- coupled tandem MS 
(LC-MSIMS) was used to identify and quantify 
TAEDANS-modified Cys sites in spectrin bands 
after excision and trypsinization. Within a- and 
Bespectrin, respectively, 13 and 14 IAEDANS- 
Cys were detected (table S1). Because surface- 
exposed Cys are predominantly [AEDANS 
'y ly inacoessible 
until subsequent denaturation and LAM tabet- 
i, site-specific ratios of (AEI 


quantify Cys exposure. A majority of ratios are 
the same for shear and static samples, but at 


Shear Static 
iJ 


—— 
ib 


sige 


ratio of dye-labeling rates over time 9(f) = 
[QAEDANS TAM ear (IAEDANS'TAM asic] 
that are typically in the range of @ = 5 10 10 at 
{60 min, but as high as 36 (Fig. 2C). Cleavage 
patterns of spectrin treated with NTCB (2- 
nitro-S-thioeyanobenzoic acid), which cleaves 
peptide bonds at unlabeled Cys (fig. SIA), are 
distinct for shear and static samples, consistent 
With qualitative differences in Cys exposure. 
The structure of shearsensitive fHRS-9 (28) 
shows the shear-bibcled Cys!” is 100 buried 
for shielded within a textiary fold—at least until 
force induces localized unfolding (Fig. 1) A 
recombinant multidomain construct -RS-9 was, 
therefore, Cys-labeled at diferent temperatures 
for a fixed time and then analyzed by both flu- 
‘orescence imaging and MS, Construct labeling 


Fig. 2. In-cell labeling of RBCs under stressed versus static conditions demonstrates force-enhanced 


lat 


ling of spectrin sites with Cys identification by quantitative MS. (A) Inset images show shear- 


distorted or round RBC ghosts fired by glutaraldehyde, as well as fluorescence microscopy of 
membranes after JAEDANS reaction under either shear (stress «= 0.93 Pa) or static conditions (60 min, 
37°C), SDS 10-PAGE separations of ghost lysates demonstrate shear-enhanced labeling of «= and fF 
spectrin, but no significant differences for other membrane proteins (+5D). (B) Extracted ion 
chromatograms for «:12's Cys""*-containing peptide from shear and static samples. Ratios of peak 
‘areas for IAEDANS- and IAN-abeled peptides provide measures of relative dye labeling. (©) Positions 
along a- and fi-spectrn with shearistatic-labeling differentials, o > 2 (see table S1). (D) Recombinant 
B-R5-9 construct labeled in solution by IAEDANS with increasing temperature reveals a step-wise 
increase in labeling extent; ths is inverted and normalized to report fraction folded. The increase at T> 
23°C coincides with unfolding of repeat 9, as determined by both circular dichroism (CD) and forced 
unfolding with an AFM. The numbered Ty are the two melting temperatures from CD. (E) Homology 
‘model of «-R12 with Cys!2> highlighted in yellow. Fraction of «12 folded versus temperature based on 
_gsteine labeling results (blue) and CD measurements (red) (28). 


is significant only at temperature 7'> 25°C (Fig. 
2D), with evidence from MS of Cys?" labeling 
‘This apparent transition comesponds t0 
the transition midpoint temperature (Toy) Of BRI 
(29 and comelates. with both the thermally in- 
duced loss of helicity and the oss of mechanical 
stability of R9 as detennined by atomic force 
microscopy (AFM) forced extension. At higher 
temperatures, additional repeats ane labeled as 
beliity is lost 

‘The shear-sensitive Cys""™ was also studied 
in solution with a recombinant o-R12 domait 
for which modeling predicts partial shielding 
(Fig. 26). At a given temperature, the ratio of 
dyelabeling rates 7) for urea-denaturi 
conditions versus native conditions relates to the 
Serie protection of a partially exposed cysteine 


(U9) (fig. $2). The wecombinant’s 37°C) = 4 
approximates the LC-MS/MS result for shear 
Is) 37°C) = 5 (Fig. 2C), 


Normalization and rescaling to the folded state 
minimum yy = ASC) gives the tetion 
fokle, and this decreases with Tin parallel again 
with the helicity los upon heating (Fig. 2E andl 
fig. S2). 

Within RBCs, the labeling kinetics for 
IAEDANS provides a basis for dramatically in- 
ceasing the shearstatic-laboling ratio, Surface- 
exposed Cys in spectrin label 10 saturation 
‘within 30 10 60 min with a first-order rate con 
stant (0.13 min) 3A), whereas in the 
sear sample, the ~S0% enhanced Iabeling ix 
slower (0.04 min, consistent with a second 
population of shear-expased Cys sites, In se- 
qucntial wo-dye label sible sites 
ane labeled wo near saturation with [AEDAN 
(blue), and then shear is applied with labeling 
by a scoond (green) Cys-reaetive fluorophore 
(Fig. 3B). N444-Difuoro 
bora Saca-diava-sindacene-2-1) iodoacetamide 
(BODIPY-LA) labeling of spectin within RBC 
increases with both time and stnas, yiekling 
results forthe shearstatic ratio of ~S 10 6.5 afer 
60 min atthe highest shears of = O.8 to 1.7 Pa, 
Site-specific MS gave <o> = 10 (Fig. 20), 

The effextive labeling rate for the second- 
ary BODIPY-1A-labeling reaction is 30 times 
as fast in maximally sheared cells as in static 
cells (Fig. 3B) and fits to a force (dependent 
Linderstrom-Lang (ILL) scheme in which shear 
saress, proportional to, shifs the conformation- 
a equilibrium. 


ene 


Similar to forced unfolding in the 
molecule studies, the folded 
toward unfolded state U with a force bias on 
the forward and. reverse reactions, and the 
activated transition state /* along the reaction 
coordinate .¢ is at the respective distances: Av 
(0, N= I*) and Av’ (<0, UP), Here, the U 
state's exposad Cys can be labeled by dye at 
concentration © and rate kz to yield measured 
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product P (table SI and fig. S1B), The analytical 
solution to the ILL scheme (SOM text) fits well 
to the spectrin in-cell experiments here when we 
use parameter values similar to those obtained 
from single-molecule studies on spectrin, such 
as Aig = 0.002 min” (25), The fits are also 
‘consistent with expectations that (2) the refold- 
ing rate is only important in the static sample 
and at low stress (i) label 
high stress, and (ii) labeling in the intermediate 
stress regime is sulliciently rapid that the rate of 
‘exposure of sequestered Cys is exponential with 
respect to ste 

Consistent with past speculations that spectrin 
Unfolding oocurs to some extent within RBCS 


‘im (in) 


Fig. 3. Stress-dependent kinetics and sequen- 
tial two-dye labeling for amplification. (A) Sheared 
(c = 0.93 Pa) versus static RBCs show distinct 
labeting kinetics for spectrin. INEDANS labeling (at 
25 mM) of the staticlabeled, surface-exposed 
‘spectrin sites fit a first-order rate of 0.13 min”; 
the shear-exposed sites (66% more from fit) label 
‘more slowly at 0.04 min-*. (B) Sequential labeling 
entails labeling of the surface Cys (blue) for 30 
mmin, after which BODIPY-IA (green) is added at 
>10-fold excess (6 mM). Half of the cells are 
then exposed to shear with timed aliquots again 
‘quenched by IAM and analyzed by densitometry 
of the green fluorescent spectrin. BODIPY-spectrin 
at 60 min increases with c (top) as does the 
effective rate of labeling (bottom). Error bars 
(25D) indicate three o more measurements (six 
for c= 0), The data are fit by the exact solution 
‘of the ILL reaction for PC, either with or without 
refolding (SOM test. The intermediate regime of 
sess (dotted black line) is dominated by un- 
folding and increases exponentially with stress, ex: 
hibiting a characteristic stress of c, = 0.5 Pa and 
‘giving kay = 0.004 min (Inset) The effect of force 
‘on computed kinetics using the fit parameters. 


(1. 30), about 40? of spectrin’s domains studied 
as isolated domains unfold with Tm <37°C (29, 
Within static cells, IAEDANS labeling of spectrin 
Cys occurs slowly at low temperature as ex- 
pected (fig. S3A), and, although site-selective 
Tabefing rates will be needed for an accurate 
assessment of in<ell melting of spectrin, 60 min 
of labeling yields an apparent melting curve (fi 
3B) in close agreement with the summed n 
ing profile calculsted from individual recombinant 
spectrin domains (29), Moreover, at all temper 
atures up to themal disruption of cells (~45°C), 
shear enhances labeling of spectrin but not actin 
(lig. $3) 

Mechanically induced changes in protein 
structure within other cells are likely to be of 
importance not only to cell deformability but also 
to various mechano-signaling processes. MSC 
oF example, are contractile (37) and strain the 
nderlying matrix in differentiation (32). Trac- 
tion force measurements on soft matrices show 
that MSCs, like many tissue cells (4), generate 
stresses (~KPa) that are ~1000 times fluid shear 
stresses imposed on RBCs. Inhibition of non- 
muscle myesin I (NMM ID) with the drug 
bcbbistatin (33) relaxes and softens MSCs (3/) 
and abo blocks differentiation, For molecular 
insight imo structural changes, as well asa 
protcomic characterization of MSCs, the Cys 
shotgun method was applicd to these adherent 
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‘The membrane-permeable, Cys-reactive fuoro- 
hore monobromobimane (mBBr) shows label- 
ing of the cytoskeleton, nucleus, and other 
sinuctures afer fixation and washing —without 
perturbing cell area (fig. S4A), This suggests that 
Inbeling does not greatly disturbs MSCs (23). Cell 
lysates for the tensed cells and blebbistatin- 
relaxed cells were Cys-quenched, and, onc 
wain, 1D SDS-PAGE was followed by densi- 
tometry and then LC-MSIMS analyses of all 
‘prominently labeled bands (>40 kD) (Fig, 4B), 
The cytoskeletal proteome of MSCs (table S2) 
typical of nucleated cells in consisting of 
actin, myosin, the actin-binding proteins filamin 
and nonerythroid spectrin, as well as tubulin and 
the mesenchymal intermediate filament. protcin 
Nimentin. Sitespecitic differences in Cys labeling 
‘with blcbbistatin are seen in several proteins, and 
10 prove illustrative 

‘Nonmuscle myosin IA shows greater mBBr- 
labeling in the tensed state of MSCs for which 
immunofluorescence imaging shows cytoskeletal 
stration (Fig. 4C); in contrast, biebbistatin di 
‘organizes NMM I, consistent with blocking it in 
a low-affinity state for actin (34), MS 


identifies Cys” as a differentially 

and homology models of NMM Il show this site 
is buried between the head and rod. domains 
Transient allosteric changes that occur in sttess 


on 


on during NMM I's normal ATP hydrol- 
ysis likely expose Cys" Wh 


blebbisuatin 


c owe P 


\Virentin Fiver. 


Fig. 4. In-celllabeting of human stem cells either tensed or relaxed. (A) The membrane-permeable 
Cys-reactive fluorophore, mBBr, was added to 1-week cultures of MSCs with active myosins and 
tensed cytoskeletons and also to MSCs treated with myosin-inhibiting blebbistatin for 1 day to relax 
the cells. Imaging shows homogeneous labeling with 0.5 mM mBBr for 40 min. (B) SDS-PAGE and 
densitometry of samples (+5D, three experiments) that were either blebbistatin treated (relaxed) or 
untreated (tensed) show several protein bands in which the fluorescence intensities are different 
(normalized to protein load). Lysates were quenched with -mercaptoethanol (50 mM) before 
analysis. (C) Immunofluorescence imaging of NIM IIA in tensed cells (top) and relaxed cells 
(bottom) indicates a spatial redistribution of myosin with drug. Scale, 5 yim. MS analyses of excised 
myosin bands detected labeling of Cys%®, which appears buried within the fold of NMM IIA 
homology models. (D) Vimentin labeling in monomeric, and polymeric forms display different 


degrees of fluorescence (error bar from two experiments), which in 


sterically blocks Cys**” for labeling. 


tes that polymerization 
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climinates force-generation and keeps this site 
buted, 

Differential labeling in MSCs is also found 
at the single Cys site of vimentin (Fig. 4D): 
(Cys? in the central coil that madiates coiled- 
coil polymerization (33). Quaternary structure 
changes in solution have been exploited previ- 
‘ously to understand hemoglobin tetramerization 
[e., (36)}, as well as actin-binding interfaces 
Jeg. (37)), and here blebbistatin-induced de- 
polymerization of vimentin with Cys exposure 
n the MSCs appears consistent with blebbistatin- 
nduced softening of the cells (32). Purified 
vimentin confirms enhanced labeling as mono- 
mer (~$0% more) versus polymer (Fig. 4D), and 
lysis plus immunofluorescence 
ng of MSCs grown on various matrices 
show that chronic blebbistatin treatment con 
sistently down-regulates vimentin (fig. S4, B and 
(©), Shor treatments with blebbistatin (~1 hour 
instead of 1 day) also show that mBBr-vimentin 
measured in cell lysates. increases significantly 
even though Westem blots and immunofluores- 
cence indicate no diflerences in overall expres 
sion. Inccell labeling thus identifies structural 
ell but not relaxing cells 
ls typified by MSCs have 
‘complex intracellular Fore map when inferred 
from cell tractions in the surrounding matrix 

38), and even simple cells such as RBCs 
in stresses at the molecular level in un- 
known ways (/, 29), The overall Cys-shotgun 
methodology here not only provides evidence of 
force-induced changes that propagate in both 
tertiary and quaternary structures. within cells 
but also, through LC-MS/MS, provides useful 
proteomic information, as well as new oppor 
tunities for fluorescence imaging. In addition, 
whereas fhuorescence resonance energy-transfer 
imaging of labeled proteins within cells [e.e. 
(39)] might allow imaging of force-induced 
conformational changes in real time, the time- 
integrated analyses here are complementary and 
also readily extended to engineered sites in 
wild-type and mutant proteins for in-cell assens~ 
iments of perturbations. This idea seems very 
likely to extend 10 coincidence detection of Cys 
labeling with posttranslational events such as 
Phosphorylation so as to pre 
‘conformational changes with 
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Monitoring of Blood Vessels and 
Tissues by a Population of Monocytes 
with Patrolling Behavior 


Cedric Auffray,* Darin Fogg,* Meriem Garfa,* Gaelle Elain,* Olivier Join-Lambert,”* 


‘Samer Kayal, 


* Sabine Sarnacki,** Ana Cumano, Gregoire Lauvau,’ Frederic Geissmann*?* 


The cellular immune response to tissue damage and infection requires the recruitment of blood 
leukocytes. This process is mediated through a classical multistep mechanism, which involves 


transient rolling on the endothelium and recognition of inflammati 


{followed by extravasation. 


We have shown, by direct examination of blood monocyte functions in vivo, that a subset of 
monocytes patrols healthy tissues through long-range crawling on the resting endothelium. 

This patrolling behavior depended on the integrin LFA-1 and the chemokine receptor CXsCR1 and 
was required for rapid tissue invasion at the site of an infection by this “resident” monocyte 
Population, which initiated an early immune response and differentiated into macrophages. 


ynmalian monocytes consist of two 
Mises time 
which arise from a common hemato- 
poietic progenitor, the macrophage and dendritic 
cell (DC) precursor (MDP. or monoblast) that 
alo gives rise to conventional resident spleen 
DCs (cDCs) and several tissue macrophage 
subsets (3, 4). So-called “inflammatory” mono- 
{eytes express the cel surface protein Ly6c (Grl"), 
the chemokine receptor CCR2, and the adhesion 
molecule L-selectin and are selectively recruited 
10 inflamed tissues and lymph nodes (1. 5). The 
are able to differentiate into inflammatory DC 
(J.6, 7)and can replenish resident cell compart- 


‘ments in the skin, digestive tract, and lung, 
‘The sccond subset of monocytes has been termed 
“resident” in mice (/, 2) because they were found 
in both resting and inflamed tissues, although 
their functions are still unknown, This subset is 
defined by a smaller size, high expression of the 
‘chemokine receptor CXyCRI and LFA-1 integrin, 
and by the lack of expression of Ly6e (Grl), 
CCR2, and L-selectin (J, 2). Two monocyte sub- 
sets can also be identified in humans (9), with 
CDIS* CDIE™ monocytes. resembling mouse 
inflammatory monocytes and CDI4™ CD16" 
monocytes sharing a phenotype similar to that 
‘of mouse resident monocytes (/). Resident and 
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inflammatory monocytes thus appear to be de- 
fined by distinct sets of adhesion molecules and 
chemokine receptors, which suggests different 
explore this possibility further, we de- 
red a strategy to study the behavior and 
functions of blood monocytes, in real time, 
under steady state or inflammatory conditions, 


ie 


modes of tissue t 
To 


Intravital confocal microscopy imaging was 
undertaken in vivo in a way that allowed us to 
‘observe cells within capillaries and postcapillary 
vesels i is(Fig. 1A) and in larger veins 
and aneries, that is, mesenteric vessels (Fig. 1B) 
(10), Cxger A 
fluorescent prote 


mice, which express 
(GFP) in monocytes (bu 
also in natural killer (NK) cells and some T cells] 
and Rugs”, ye", Cxxerl* mice, in. which 
monocytes are the only blood cells expressing 
GEP, were used as reponers (Fig. 1, C and D) 
7) 

Intravital microscopy observa 
in the steady state reveale 
most blood! vessels in the 


on of tissues 
onoeytes within 


meric artery (Fig. 
'S3 and S4) exhibited 3 
type molt, [n contrast 


2C, fig. SI 
‘constitutive “eran 
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Fig. 1. intravital imaging of 
mouse monocytes. (A) O%3CR1- 
expressing cells express gfp in 

reporter mice, and dermal 
blood vessels are labeled in red 
thodamine-conjugated destran. 
(B) The branches ofthe mesenteric 
vein (arrowhead) and mesenteric 
artery (arrow are surgically ex 
posed. (C) Flow cytometry anal- 


92 


tuted with wild-type lymphoid 
cel (0) Ga” (Gf) and Go | 
(Gfp'") monocytes were sorted 
bby flow cytometry and examined 
by confocal microscopy. Based on 
afp intensity, Gr1” (gf) mono- 
cytes sorted by fluorescence- 
activated cell sorting (FACS) are 
easily distinguishable by con- 
focal microscopy from FACS- 
sorted Gr1* (gfp™) monocytes 


monocytes. be- 


pixel indi 
fonged predominantly to the gfp®* subset 
(CX;CRI* Gr) as compared with monocytes 
that perform rolling in the same vessels (Fig, 2D 
and fig. $2), These finding suggested either that 
gip"* monocytes were crawling inside blood 
vessels onto endothelial cells, despite the blood 
flow, or that they were located outside the lum 
of the blood vesel. When the gwen gfp signal 
was omitted, crawling gfp" monocytes ap- 
peared as dark spots on confocal sections of d 
vessel labeled in red with the fluorescent dextran, 
indicating that monocytes are located inside the 
blood vessels (Fig. 2E and movie $5). Crawling 
polymorphonuclear neutrophils (PMN) or lym- 
phocytes wouk! appear as dark crawling cells 

the blood of mice; however, gfiy crawling cells 
‘were not observed in the steady state (movie $1), 
suggesting that these cells did not behave in the 
same way and that gfp” monocytes were the 


majority of cells that crawl on the endothelium 


vessels, overlay of individual cell tracks plotted 
afer aligning their starting positions indicated 
that the direction of their crawlin 
\was not dependent on the blood flow (Fig. 2F) 
Extravasation was rarcly observed in the steady 
state, The path of individual cells indicated that 
monocytes in blood vessels appeared to descr 
2), hairpin (17%), waves G8 
and short path (<40 ym, 11% 
J, and fig. S3), The average instan 
taneous velocity of erawling monocytes was 4 


mived 


Faas 


labeled with a far-red cell tracker (shown in blue in the middle pane. 


10 20 um /min (average 12 ymn/min) (Fig. 2K and 
fig. $4). The distance traveled by individ 
was, on average, only half their path length, 


‘ments wats that in small postcapillary venules, after 
‘an hour, monocytes appeared to have extensively 
monitored the endothelium of a given vessel 


Wie $2), leading us to deseribe 
bchavior as patrolling 
The velocity profile of flow in blood vessels 


nerally parabolic across the eross section of 
the vessel, and calculated values dec 
at the blood vessel wall (//), However, crawling, 
st the midstream blood flow is. counter 
J this suggested that monocytes were 
closely adherent to the luminal side of the endo- 
thelium, We therefore explored the molecular 
basis of monocyte patrolling. Lymphocytes an 
PMNs have been shown to roll at speeds of 
40 ym/see under conditions of flow at sites of 
inflammation along the endothelium of post 
illary venules (/2, 13), This initial contact 
lows. endothetial_ membrane-bound chemo 
kines to activate leukocyte integrins through 
Gaj-linked chemokine receptor (14), Changes in 
finity then allow the rolling leuko- 

eyes to stick fi jonally craw! onto the 
lial cell toward the closest intracellular 
tion (15, 16), and diapedese across the 
1m. Patrolling was slower than rolling 
factor of 10010 1000 and w 


10 7610 


observed in 
nent of 
J of 
extravasation, However, it appears to involve 
‘firm binding” to endothelium, and therefore we 
reasoned that may be involved. Gtp!®* 
(Girl) monocytes express the [by integrins LFAS1 


er" 
Cxyert™ Cxyert Ring, ye" 
Cxjert Rag,* — Rag, yc + wtBM 


Lyte 


cort 


omer 
op 
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(CDiaCDIR, ayf2) and Mac-1 (CDUDCDIS, 
yf) (). Intravenous injection of blocking 
antibodies to cither CDIa or CD18, but not of 
antibodies t CDI 1b or control immunoglobulin 
), resulted in the rapid, complete, and pro- 

ed release of monocytes from the endothelial 


wall (Fig. 3. A and B, 


monocytes also. exp 
chemokine receptor C 
( nd, Fractalkine, is 


A B 


Fig. 2. Gig" Gam 
monocytes craw. inside 
blood vests. (A) Dermal 
blood vessels in Rags”, 

~ Cyr reporter 
mice, Monocytes appear 
as green dots arrows). (B 
and €) Green signal from 
images of timelapse se- 
ries are summed to dir 
play the path of labeled 
cells in the dermis (B) 
and mesenteric vessels 
(0.19, the open artow 
indicates a branch of the 
mesenteric vein, and the 
dlosed arrow indicates a 
branch of the mesenteric 
artery. (D) ofp maximal 
piel intensity was cal- 
culated a5 indicted in 
fig. $2, (B Confocal sec- 
tion (6 yum) examined 
with red Gntravenous 
dextran) and green (alp* 
‘monocytes signals or for 
the red signal only 
(shown in. gray, right 
panel), Celts that are 
located within the vessels appear as a dark signal (arrow). (F) Overlay of 
monocyte tracks from two representative vessels, plotted after aligning their 
starting positions. (G to 1) Path (G), kymograph (H), and instantaneous velocity 
() ofa cell from movie $1. () Monocyte paths were classified as loops, hairpin, 


Fig. 3. Monocyte cravl- 
ing is mediated in vivo 
through the integrin LFA- 
1 and the chemokine 
receptor CXyCR1. (A) Ky- 
mograph of a time-lapse 
series before and after 
intravenous injection of 
CDila-blocking antibody 
(4-mg per kg of weighd, 
(B) Percentage of crawi- 
ing cells was determined 
as a ratio between the 
numbers of celiscrawting 
before and 10 min after 
injection of control Ig or 
blocking antibody di- 
fected against CD11b, 
CD18, and CD21. Exper- 
iments were repeated at 
least three times for 
each antibody. (C) Maximum projection of time-tapse series obtained from 
intravital microscopy experiments in postcapillary venules of the ear in 
steady-state conditions. (D) Histograms represent number of crawling cells, 
per hour, mean path length of these crawling cells, and distance to origin, 
either in Raga”, ye" Cxser1™™* of Raga”, ye” Cascr 19 mice in the 


yocotte 
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that LFA-1 is require 


a transmembrane molecule 
expressed on endothelial cells (/7 


D g Ee. 
° 10 fe, 
8 i= & 
LH Erol z,| 
as i | 
$3 sa 4 
22 ge | 
87 5 2 1 
° 6 o Sot 


ind movie $6). indica 
Gi" 
levels of the 
XGCRI (1), whereas its 


ffactalkine interaction in vitro has been described 
10 mediate 


for crawlin adhesion between monocytes and 


ess hig endothelial cells though activation of integrins 


20, 21), The number of crawling monocytes 


19), CX,CR1 reduced by two-thirds in CX3CR I-detficient 


il = 

; 16 fo a 

” a 

iA o3| 
Welt || on 

00 4 8 121620 2428 ol 


360720 1080 14401900 2160 2520 


ie faconat) ‘Average instantaneous 


veloaty (umimin) 
waves, mixed pattern, and short path (<40 jim) (fig. $3). (K) Average velocity 
was calculated as indicated in (10). (L) Confinement ratio of gfp'®" 
monocytes. Scatter plot represents the ratio of the distance to origin of 
tracked cells versus their path length. 


of crawing cats 


Woe anim) 


steady state. (E) Histograms represent number of Gri monocytes in the 
blood of 10-week-old Rage, 7% Crger2®”" and Rags”, ye" Caer 9 
mice, (F) Representation of the crawling velocity of Gri~ monocytes from 


Rage”, ye Cg P®* (solid line) and Rage”, ye” Cxscr1™™ (dashed 
tine) mice. 
SCIENCE w.sciencemag. 


mice, and the average path length of crawling 
cells was reduced by one-half, resulting in a six- 
fold decrease in patrolling (Fig. 3, C and D, and 
movie $7), whereas the velocity of the rema 


crawl 
lating blood gf" monocytes were similar in 
Cea” and Cxerl”™ mice (Fig. 3, E and F, 
ann fig. SS). I's notable that blocking antibodies 
o LFA] can d Jing monocytes. in 
Corl auests that CXCRI- 
ponent erat jy mediated through 
LFA+1 in viv, 

The patrolling monocytes a 


tach 


ideally located 


to provide immune surveillance of endothelial 
cells and surrounding tissues. In response to 
tissue damage, gfp®* monocytes extrivasated 
rapidly within 1 hour and invaded the sur 


js 


AEE 


Fs 
# 


Fig. 4. Rapid tissue invasion by patrolling Gfp"®" 
tissue damage or infection. (A to ©) Crawling ofp" monocytes in the 
mouse dermis are tracked for 1 hour after application of phosphate- 
butfered saline (PBS) (A) or 1:1 dibutylphtalate acetone (6), or after 
aseptic damage with a microinjection pipette loaded with a far-red dye 
(shown in blue) (C). (D) Number of extravasated cells recovered from the 
peritoneal cavity of mice infected with L. monocytogenes. (E) Analysis of 
gene expression on purified GFP™®" monocytes (fig. S6) (20). (F) GFP“ 
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rounding tissues alter exposure to inritants (F 
4. A and B), aseptic wound 4€), and 
Peritoneal infection with Listeria monocyto- 
genes (Fig. 4D). To study in depth the kinetics, 
phenotype, and functions of extravasated mon 
cytes, We used the L. monocytogenes peritone: 
infection model, because extravasated cells can 
‘easily be recovered by peritoneal lavage. In this 
model, extravasation of Grl” gfp!*®* monocytes 
peaked at 2 hours after infection, at atime when 
PMN is only beginning to enter the peritoncum 
and several hours before the exirwvasation of 
‘conventional Grl” gfp®™ monocytes is observed, 
and was significantly delayed in patrolling. 
deficient Crier” mice (Fig. 4D and table 
SI). Therefore, patrolling was associated with 
and required for, early extravass 


invasion by Grl- gipt®™ monocytes. Extrava 
sted Grl” gip®™ monocytes were responsible 
for an early inflammatory response (F 
and F, and fig. $6), At | and 2 hours 
fection. Grl~ fp" 
producers of tumor necrosis factor--« (TNFa), & 
cytokine central to inflam 


monocytes were the only 


tion, as detected by 


intracellular flow cytometry and polymerase 
chain waction (PCR) (Fig. 4F). Genes coding 
for imerleukin-I (IL-1), lysozyme, defensins 


complement, pattem recognition receptors such 
as TLRs, sc 
tors, and chemokines involved in the recruitment 


cenger receptors, and IgFe necep- 
and activation of other effector cells were also 
up-regulated (Fig. 4E and fig. S6), 

Notably, the production of TNF and IL-1 was: 
transient and twmed off at 8 hours (Pig. 4F), 


Get 


PMN 


Gr1™ monocytes after 


Gri* afp™ monocytes 


and S7. 
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monocytes recovered from the peritoneum of infected mice are the main 
producers of TNFa in vivo at 2 hours after L. monocytogenes infection. 
(Data are mean + SD; n = 3 in each group; representative experiment out 
of four). (G) Extravasated Gr1~ gfp"=" monocytes initiated a macrophage 
differentiation program, at the expense of DC differentiation, whereas 


initiated a OC differentiation program. Regulation 


of Mafb, cMaf, Pu.1, and RelB genes was analyzed as described in figs. S6 
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whereas extravasated Gel” gfp"*" monocytes 
tumed on—at 2 and 8 hours—genes involved in 
tissue remodeling (22), including arginasel, Fizz, 
Megl2, and mannose reegyior (MR) (Fig. 4E and 
fig. $9). 

Indeed, the study of the balance of tran- 
scription factors that specifies the altemative 
macrophage or dendritic 
(23) indicated that extravasated. Grl 
monocytes initiated a typical macroph: 
entation program, characterized by up-regulation 
‘ofeMaf and MafB but not RelB and Pu. (sfpil) 
(Fig. 4G and figs. $6 and $7) In contrast, the 
conventional Grl* gip®* monocytes initiated a 
DC differentiation program, as described previ- 
ously (/, 6), by up-tegulating RelB and Pu. but 
not eMaf and MaiB (Fi - $6). 
Analysis of the expression of a linger pane! of 
genes differentially regulated in monocyte-derived 
macrophages and DC supported this conclusion 
(lig. 88) 

‘These findings demonstrate a new mecha- 
nism of leukocyte crawling on endothelial e 
and a now role for LEA-t, The present data also 
tion to ip Grl 


monocytes allow rapid tissue invasion by mono- 
cytes in case of nd infection, followed 
by the initiation of mune response 


and their differentiation into macrophages. This 
is in contrast to the role of Grl” monocytes, 
\which reach the inflammatory site later and give 
rise to inflammatory DCs (I, 6). This reveals an 
unsuspected dichotomy of the differentiation po 
tential and fanctions of blood monocyte subsets 
during infection. The extravasation of patrolling 


Gri” gif" monocytes is likely to be dependent 
fon a yetunidentified signal(s) ftom damaged 
tissue and/or endothelium. Interestingly, the exis- 
tence of a pool of “marginated” monocytes ex- 
pressing CD16" has been proposed in humans 
(24) and may correspond, at Kast in part, to the 
Patrolling behavior that we describe here, sug- 
gesting a similar in vivo function of mouse 
resident CX;CRI"* (af) Grl™™ monocytes 
and human CX,CRI"* CD16" CD14" mono- 
eytes. Monocytes are abundant in arthritis and 
atherosclerotic lesions (25, 26), and CX:CRI, 
TNF, and LFA-1 have been implicated in the 
pathogenesis of these inflammatory diseases 
(27, 28); thus, patrolling monocytes may con- 
tribute to their pathogenesis and may represent 
a target for treatment 
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Regulation of Homeostatic Chemokine 
Expression and Cell Trafficking During 


Immune Responses 


Scott N. Mueller,” Karoline A. Hosiawa-Meagher,? Bogumila T. Konieczny,> 
Brandon M. Sullivan,? Martin F. Bachmann,‘ Richard M. Locksley,? 


Rafi Ahmed,” Mehrdad Matloubian® 


The chemokines CCL21 and CXCL13 are immune factors that dictate homing and motility of 
lymphocytes and dendritic cells in lymphoid tissues. However, the means by which these chemokines 
are regulated and how they influence cell trafficking during immune responses remain unclear. We 
show that CCL22 and CXCLL3 are transiently down-regulated within lymphoid tissues during immune 
responses by a mechanism controlled by the cytokine interferon-y. This modulation was found to alter 
the localization of lymphocytes and dendritic cells within responding lymphoid tissues. AS a 
consequence, priming of T cell responses to a second distinct pathogen after chemokine modulation 
became impaired. We propose that this transient chemokine modulation may help orchestrate local 
‘cellularity, thus minimizing competition for space and resources in activated lymphoid tissues. 


cardinal property of cells of the immune 
system is mobility, allowing them to 
navigate the body and combat invading 


pathogens, This i modulated by a complex 
array of chemokines and their receptors, which 


provide the molecular signals to direct cells 10 
where they are required (/). Many chemokines 
are up-regulated in cells and tissues in response 
1 inflammatory stimuli such as infection (2). In 
contrast, the lymphoid chemokines CCL2i 


CCL19, and CXCLI3 are constitutively expressed 
in restricted areas for steady-state traction of cells 
@. CCL21 expression by fibroblastic reticular 
calls (FRCS) of the T cell zones in the spleen and 
Iymph nodes (LN) fiilitates effective interaction 
between dendritic cells (DCS) and T eels, whereas 
CXCLIB expression on follicular dendritic cells 
guides B cells and follicular T helper (Ty) cells 
into B cell zones (4, 5). The critical role of these 
homeostatic chemokines in attracting cells into 
lymphoid organs and in initiating antigen-specific 
responses is well established (3, 6). However, 
less is known about the impact that acute im- 
‘mune responses have on the expression of homeo 
Static chemokines and how this affects lymphocyte 
traflicking within lymphoid tissues. 
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To address these questions, we examined ex- 
pression of CCL21 and CXCLI3 in the spleen by 
immunotluorescence after infection of mice with 


‘observed in peripheral tissues during inflamma- 
tion (8, 9, we found reduced expression of these 
‘chemokines in the spleen after LEMV infection 
(Fig. 1A), To examine this down-regulation in 
more detail, we assayed spleen homogenates for 


of the lymphoid chemokines was observed in 
the spleen (Fig. 1B) and also in peripheral LN 


20- to SO-fold less than that detected before 
infection within § days (Fig. 1B). Importantly, 
modulation was transient, and we observed reks 
tively normal CCL21 expression within 2 weeks 
afer LCMV infection (Fig. 1B). The down- 
modulation of CXCLI3 was also transient but 


EPO 


normal within 5 weeks (Fig. 1B). This transient 
modulation of the homeostatic chemokines cor- 
related with the gencration of virus-specific Tand 


ulation of lymphoid 
chemokine expression after infection occurred at 
the transcriptional level, we quantified CCL21 
and CXCLI3 mRNA by real-time reverse tran- 
scription polymerase chain reaction (RT-PCR), 
About 100-fold less CCL21 mRNA and 10- 


CCL21 and CXCLI3 protein by enzyme-linked with slightly delayed kinetics: levels remained fold less CXCLL3 mRNA was detectable in 
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Fig. 1. Transient down-regulation of the lymphoid chemokines occurs 
during immune responses. (A) Spleens from uninfected mice (day 0), or 8 
days after LCMY infection, stained for ER-TR7 (green) to detect FRC and 
anti-CCL21 or anti-CXCL13 (red). White regions indicate co-localization; 
abjective magnification, 20x. (B and C) Lymphoid chemokine expression 
in the spleen and inguinal LN after LCMV infection, quantified by ELISA 
in tissue homogenates, (D) Quantitative RT-PCR analysis of chemokine 
expression in whole spleen or the stromal compartment 0 or 8 days after 
LCMV infection. Error bars indicate SEM. (E) Down-regulation of CCL21 


Days ater etecton Days ator immunization 


was restricted to lymphoid organs (arrow). CCL21, CCL2 (MCP-1), and 
CCLS (RANTES) expression in tissues O and 8 days post-LCMY infection. (F 
to 1) Chemokine modulation during viral and bacterial infections. (F) 
CCL21 expression in the spleen after systemic VV infection or LM 
infection, (G) in the draining mediastinal LN and the spleen after 
intranasal influenza virus infection, (H) in the spleens of LCMV immune 
mice after secondary infection with LCMV, and (I) in the spleen after 
immunization with VLPs. P values were calculated by ¢ test, relative to 
uninfected mice. 
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splenic stromal compartment, after LCMY in: 
fection (Fig, 1D). Down-regulation of CCLI9 
protein as well as mRNA was also observed 
in the lymphoid organs after LCMV infection 
(lig. $2) 

Infection and inflammation can induce up- 
regulation of various lymphocyte-attracting che- 
mokines in both lymphoid and nonlymphoid 
tissues (10), Interestingly, we found that down- 
regulation of CCL21 was restricted to Lymphoid 
1E), Yet, up-regulation of the inflam 
matory chemokines CCL2 and CCLS occurred in 
both Iymphoid and nonlymphoid tissues (Fig. 
1E), indicating that down-regulation was specific 
to the homeostatic chemokines. To detemnine 
whether lymphoid chemokine modulation is. a 


tissues ( 


> 


TNF-aR-lg 


specific feature of LCMV infection or itis 

cneralized feature of immune responses to path: 
ts, we examined chemokine levels affer inf 
tion of mice with vaccinia virus (VV) or Listeria 
‘monocytogenes (LM). We observed marked 
down 
spleen after infection with these pathogens (F 
IF and fig. $3). We also infected mice it 
nasally with influenza virus. Altho 
regulation of lymphoid chemokine expression 
not observed in the spleen after influcn 

fection, CCL21 and CXCLI3 expression w 
modulated in the draining mediastinal LN (F 
1G and fig. S3), These data show that transient 
chemokine down-regulation occurs durin 
systemic and localized infections and also make 


IFNevpR anti-IL-6R 


te 


ah 


43 he 


the important point that modulation of lymphoid 

chemokine expression occurs prim 

Of the antigen-driven immune response, 
A recent study described ch 


ily atthe site 


tion (7) and attributed this to virus-induced pa 
thology. However, the modulation of chemokine 
expression that we found after infection with 
both viral and bacterial pathog ed that 
this represented a generalized prog 


sponse, We also observed down-regulation of 
CCL21 during recall responses (Fig, 1H) and 
after immunization with virus-like particles 


(VLPS) containing CpG (Fig. 11), Similar results 
were obtained afier immunization with ov 
albumin (OVA) protein plus lipopolysaccharide 
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Fig. 2. Role of CD4* T cells and IFN- 


in lymphoid chemokine down- 


Days after infection 


performed on day 8 samples, relative to WT values: P< 0.0001 for IFN-y~", 


regulation. (A) CCL21 expression after LCMV infection in spleens of wild 
type (WM), IFNa/BR~™, oF 1L-15~~ mice or mice treated with sTNF-aR-Ig 
or IL-6R antibody. (B) CCL21 expression in IFN-y~~ mice. (© CCL21 
expression after LCMV infection in spleens of WT mice depleted of CDB* T 
cells (anti-CD8), CD4* T cells (anti-CD4), or both (anti-CD8+CD4) or in 
mice deficient in MHC class I or class I molecules. Statistical analysis was 
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anti-CD8, anti-CD4, anti-CD8+CD4 and MHCAI™; for MHC I~-, P= 0.0019. 
Horizontal red lines represent mean CCLR21 expression in WT mice 8 days 
after LCMV infection. (D) CCL21 expression in spleens from WT, anti-CD4, 
and IFN-y~ mice 8 days after infection. Objective magnification, 20x. (E) 
CCL21 expression in spleen and mesenteric LN after subcutaneous infection 
with N. brositienss. 
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(LPS) as an adjuvant, 
replication was not neces 
modulation. Together, these results su 
Iymphoid chemokine 1 
feature of adaptive immune responses 

Although lymphotoxin B receptor (LTBR) 
Is are important for lymphoid chemokine 
expression during organ 
or inhibition of the LTBR pathway had minimal 
effect on CCL21 modulation after infection 
[Supporting Online Material (SOM) text 1 and 
fig. $4] (/2). To understand the mechanism of 


esting that patho; 


sary for chemokine 


wulation isan integral 


yess (2), activation 


lymphoid chemokine down-regulation, we deter: 
mined that many innate cytokines produced after 
infection, such as tumor necrosis factor « (TNF 
a), interferon a and interferon  (IFN-wB), 
interleukin (IL-6), and IL-15, were not required 
for this lymphoid chemokine down-regulation 
(Fig. 2A and fig. $4), Ourdat ei 
and IL-1 may play a minor role in lymphoid 
chemokine regulation (Lig. $4). Importantly, IFN-y 
Was required, because Lymphoid chemokine 
down-regulation was only minimally seen af 
terinfection of IFN-y-detie 
and D), 


crse, want 8 
Tange ——= (yo —= i> 
Anaiyae 
come 


Tet wanster 


To ascertain the role of T cells, we infected 
mice lacking major histocompatibility complex 
(MHC) class I oF Il molecules or CD8* or CD4 
T calls. Minimal down-regulation of chemokine 
expression occured in MHC IT” or CD4- 
depleted mice, indicating that CD4” T cells were 
required (Fig. 2, C and D). To futher examine 
the role of CD" T cells and IFN-y production 
(Ty) in chemokine modulation during immune 
responses, we infected mice with the nematode 
Nippostrongyh 
Leishmania major 


s brasiliensis o the protozs 


These parasitic infoctio 
induce strong Ty2 immune responses, whereas 


other responses we 
We observed minimal modulation of CCL21 ot 
CXCLI3 in sploen or LN after N. brasiliensis 
nd after L.. major infection (Fig, 2E 


ss two com. 


were Ty -driven. 


Thus, we demonstr 
type [ immune responses (CD4° T 
cells and IFN-y) that are important for lymph 
oid chemokine modula 
responses 

To determine the functional consey 
lymphoid che 
‘ongoing immune response, 


ine down-regulation 


tion of naive carboxyluorescein diacetate 
succinimidyl ester (CFSE)-labeled CD8* T cells 


in the spleen, after a 
and infected mice (Fig. 3A). In uninfected mice, 
the transferred naive 
dominantly to the T cell zones of the white pulp 
(WP) (71 = 19.8%; Fig. 3, Band F), In contrast, 
in CMV-infected mice the transferred T cells 
accumulated in the red pulp (RP), and few were 
found in the WP (4.4 = 7.2%), This alteration in 
naive lymphocyte localization in the spleen afer 
infection correlated with the degree of CCL21 
down-regulation (Fig. 1); Migration into the T 
intact for 


optive transfer into nonmal 


T cells localized pre- 


least 3 days after 


cell zone w: 
infection, whereas an intermediate phenotype 
was observed 5 days afler infection (Fig, 3, B 
and F). The abe ive T cell movement 
imo the WP was dincctly dependent on CCL21 
expression, because mice lacking CD4’ Teells or 
IFN<y demonstrated normal mi CFSE 

naive Tells to the T cell zones (Fig. 3, C and F), 
indicative of CCL21 expression in these mice, 
Similar results were obtained with red 
naive CD4" Tells (fig. $6), Funhermore, mice 
infected with LCMV in the footpad demonstrated 


B Tot wanster 


{LL 


Fig. 3. Altered cell localization after lymphoid chemokine down-regulation. 
(A to E) Localization of transferred lymphocytes or DCs in the spleen after 
infection, (A) Naive T or B lymphocytes or splenic DCs were purified and 
labeled with CFSE and transferred into mice, and their localization in the 
spleen was ascertained 6 hours later. CFSE* CD8* T cells were transferred 
into (B) WT mice 0 to 8 days after LCMV infection, or into (C) CD4-depleted 
(anti-CD4), of into IFN-/~ mice 8 days after infection. (D) CFSE* B cells or 
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(©) CFSE* DCs were transferred into uninfected or day 8 LCMV-infected mice, 
Spleen sections were co-stained with ER-IR7 (ted) to determine the 
localization of the CFSE* (green) cells. Objective magnification, 20x; RP, 
red pulp; WP, white pulp; B, B cell zone; and T, T cell zone. (F) Quantitation 
‘of CFSE* cells in the spleen after transfer. The proportion of CFSE* cells 
present in WP regions is shown. Data are representative of 5 to 9 mice per 
‘group. Error bars indicate SEM. 
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Fig. 4. Impaired priming of naive CD8* T cells after \ymphoid chemokine 
modulation. (A) Schematic of primary-secondary immunization experiments. 
‘Mice were infected with 2 primary pathogen or given PBS, followed by 
immunization with VLP or infection with a secondary pathogen after 
‘modulation of the lymphoid chemokines (day 5 for VV and day 8 for LOMV).. 
(B) Expansion of VW-specific IFN-y* CD8* T cells is shown in spleens 6 days 


‘significant reduction in naive T cell entry into 
the draining popliteal LN after chemokine 
modulation (ig. $7), 

We aso observed reduced migration of naive 
0 B cell zones aller infection (Fig. 3. 
and F.. Ye, cells were observed to home to some 
B cell zones, potentially reflecting the degree of 
ocal CXCLI3 regulation. Diflerential regulation 
of CCL21 and CXCLIF may allow proper 
‘orchestration of T and B cell responses. Lastly, 
because the migration of activated DC into T ce 
zones is also dependent upon responsiveness 10 
CCL21 (13, 14), We examined the localization of 
CESE-labeled mature DCs in the spleen after 
infection, DCs migrated into the T eells zones of 
uninfected mice, yet localized to the RP and also 
tothe manginal zone, afterinfection (Fig. 3, Eand 
F), Together, these data demonstrate that Iymph- 
‘oid chemokine modulation altered lymphocyte 
and DC localization within lymphoid T and B 
cell zones, potentially regulating local celularity 
and antigen presentation, 

‘These results suggested that priming of naive 
T cells may be compromised afier chemokine 
down-regulation, To examine this, we gave 
acutely infected mice a second distinct immuni- 
zation or infection ater chemokine modulation 
and measured responses to the second antigen 
(Fig. 4). Mice infected with either LCMV or LM 
displayed markedly reduced responses to 
secondary VV of LCMV intcetion, respectively 
(Fig. 4B and fig. S8), Similar results. were 
observed in VV-infected mice containing LCMV 
epssar-specific PI4 transgenic T cells, which 
\were immunized with VLP containing eps3.41 
peptide after chemokine modulation (Fig. 4€), 
Lastly, mice containing OVA-specific OT-1 
transgenic T cells were infected with LCMV 
stemically or in the footpad and then co- 
infected with a recombinant vesicular stomatitis 
virus expressing OVA (VSV-OVA) when the 
Iymphoid chemokines were most reduced (day 
8). Expansion of the OT-1 T cells was signifi- 
cantly reduced in comparison with that in control 


phosphate-buffered saline (PBS) treated mi 
(Fig. 4D). Thus, altered localization of naive T 
ls after down-regulation of the lymphoid 
‘chemokines may affect priming against new anti- 
ens during an ongoing response. Although other 
factors, such as the maturation of DCs and 
inhibition of cross-presentation (15), can affect 
T cell activation during immune responses, 
lymphoid chemokine modulation may contribute 
to such transient immunosuppression. Indced, 
activation of naive PL4 T cells transfered after 
LCMV infection was abrogated corresponding 
\ith chemokine modulation, despite the presen 
‘of antigen-positive DCs in the spleen that were 
capable of activating T cells in vitro (fig. S9). 
The size of an immune response will likely 
dictate the magnitude of Iymphoid chemokine 
modulation. However, a drawback of this 
strategy is that it may be difficult to effectively 
‘generate an immune response toa second antigen 
during the period of transient chemokine down- 
regulation. This may be particularly relevant 
during acute viral infections and prime-boost 
vaccine regimes in instances where only a short 
delay separates immunization doses. 
Gur results suggest that, by reducing expres- 
on of the homeostatic chemokines in respond- 
ing lymphoid tissues. the adaptive immune 
response can orchestrate local cellularity and thus 
competition for space and resources during 
‘ongoing immune responses. Reducing local 
‘cumulation of T cells and antigen-presenting cells 
may be beneficial for shutting down the immune 
response and promoting the generation of memo- 
ry cells (SOM text 2). Further, itis possible that 
CCL21 modulation may work in concert with 
chemokine receptor and SIP regulation on 
effector cells (/6) to promote exit from the 
lymphoid tissues. Because CCL21 is also 
important for interstitial motility of lymphocytes 
(17-19), modulation during immune responses 
may additionally affect the motility of cells within 
the lymphoid parenchyma. tt will be interesting to 
determine how lymphocyte movement and traf: 


#OTICDECDASA: Toots 


‘Systemic infection 
10 
P0008 
10 
1 
10% 
104 
1% PBS LoMV 1: PBS LOMV 
2: vSV VSV 2: vSV VSV 


after WW co-infection of LOMV-infected or PBS-treated mice. (C) Expansion of 
P14 Thy1.1* C8" T cells inthe spleen 6 days after VLP immunization of WW- 
infected mice. (0) Expansion of OT-1 CD45.1° CDB* T cells in the spleen 
(systemic infection) or popliteal LN (footpad infection) 5 days after VSV-OVA 
infection of LCMV-infected mice, Representative data from two to three 
‘experiments are shown, Error bars indicate SEM. 


ficking through lymphoid tissues is modulated by 
changes in homcostatic chemokine expression 
during immune responses, 
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Negative Regulation of Toll-Like 
Receptor Signaling by NF-«B p50 
Ubiquitination Blockade 


Ruaidhri J. Carmody, Qingguo Ruan, Scott Palmer, Brendan Hilliard, Youhai H. Chen* 


Tal-tike receptors (TLRs) trigger the production of inflammatory cytokines and shape adaptive and innate 
immunity to pathogens. We report the identification of B cell leukemia (BcD-3 as an essential negative 
regulator of TLR signaling. By blocking ubiquitination of p50, a member of the nuclear factor (NF-xB 
family, Bcl-3 stabilizes a p50 complex that inhibits gene transcription. As a consequence, Bcl-3-deficient 
mice and cells were found to be hypersensitive to TLR activation and unable to contol responses to 
Uipopolysaccharides. Thus, p50 ubiquitination blockade by Bcl-3 limits the strength of TLR responses and 
maintains innate immune homeostasis. These findings indicate that the p50 ubiquitination pathway 
‘ean be selectively targeted to control deleterious inflammatory diseases. 


1 receptor (TLR) activation is es- 
"Tas sc fs 

immunity to pathogens (/, 2). However, 
repeated or prolonged activation of TLRs ean 
render them insensitive or hyporesponsive 10 


subsequent ligand stimulation. This. phenome- 
non is refered to as TLR tolerance (3). The 
mokcular mechanisms of TLR tolerance are not 
\well understood, although several negative regu- 
lators of TLR signaling have been implicated 


REPORTS | 


(4-10), Bel is a nuclear member of the in- 
hibitor of NF-xB (IxB) family, which interacts 
exclusively with the transcriptionally inactive 
homodimers of p50 and p52, two members of 
the NF-xB family (17-13), Bel3 deficiency 
ice disrupts the microarchitecture of lymphoid 
‘organs but does not allect the development of 
lymphoid or myeloid cells (/4, 15), To explore 
the roles of Bel-3 in immunity and tolera 

examined the phenotype and function of Bel3- 


expression oF ph 
Bel macrophags 


versity of Pennsyvania School of Medicine, Philadelphia, 
PA 19104, USA. 
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Fig. 1. Bc-3 inhibits A TNF-o CXCL2 CXCL1 = BL TNF. c 
‘tokine gene expres: save aie 2000 
sion and controls NF-xB ve} 1500 
dimer exchange at gene pa E 10001 
promoters, (A) Bl3* | e °  s00) 
macrophages are hyper- ‘ 
responsive to LPS. Bone Co oe MEE Sh bod ae ore ‘07 10 100 
w-derived. (BMD) 
raooge ven sir S jaya ILS 1L-4p W410 gp oad 
ulated with UPS, and ‘Sooo a=] hel Fd 
cytokine mRNA was & ess | OwT 
quantified by real-time eno} oa 
sauna §=/ i en 
tion (PCR) (25).. Error tol = > 3 a 
bars indicate 2SEM. @) Rae eae uF D 
Bl” dendritic cells 
feeble oo EEL2 ccLs CCL IL-6 $ TNF-a 
LPS. BMD dendritic cells ; 
were stimulated with Ex 
LPS, and gene expres- 
sion was measured by i 
realtime PR. (©) En rr Sas Sari a ee A ta 
hanced proiferation of 
Bc3* B cell to LPS. Splenic 8 cells were stim- LPS treatment (hours) Bours: Hours. 
ulated with LPS, and *H-thymidine incorporation 
‘was measured as count per minute (cpm). (D) wr Beis” wT Bel 
Enhanced gene expression in Bd3~~ B ells. B ces. E F 014135 0143 5 LPS(hrs) 
were stimulated with LPS, and TNFa gene expres- LPs 
sion was measured by reabtime PCR. (E) Bc7* 80 (===) 
macrophages have reduced p50 DNA binding. oRel ==S 
Nuclear extracts from BMD macrophages were és =) |TNF-o. 
tested by EMSA with the consensus NF-<B-binding ‘coneol: | 
sequence and indicated antibodies. Arrow indicates «| Input 
50 complexes. (F) Altered NF-<B dimer loading & 
and exchange at gene promoters in Bci* macro- & 
phages. BMD macrophages were treated with LPS, p50 
‘and ChIP was performed with antibodies to the el 
i 12345678940 = 
pone pes ee |CXCLZ 
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Additionally, Bel” macrophages were also 
hypersensitive to interleukin (IL)-16 and tumor 
necrosis factor (TNF)-a1 stimulation (fig. S3). 
‘The hyperresponsiveness of Bel” cells was 
not due to inereased receptor-proximal signaling 
(lig. S4A) but could be blocked by a NF-xB 


Fig, 2. Bt3 inhibits 
50 ubiquitination and 
‘degradation. (A) Bd-3in- 


A 


inhibitor (fig In response to lipopoly- 
saccharides (LPS), Bel” cells displayed a 
marked reduction in nuclear p50 DNA binding 
relative to WT controls (Fig. 1E), although nuclear 


translocations of pS0, p65, and c-Rel were nor- 
immunoprecipitation 


mal (fig. S4B), Chromat 


creases p50_ homodimer 
binding to DNA without 
altering its affinity. Hue 
rman embryonic kidney 
(HEK) 293T cells were 


p50 


transfected with p50 and 
BeL-3 expression plas- 
mids. EMSA was per- 
formed with increasing 
amounts of unlabeled 
NFXB consensus oligo- 
nucleotides (old probe) 
(lef), and p50_homo- 
dimer DNA binding was 
measured by densito- 
metry (middle). Relative 
protein levels were deter- 
mined by immuncblotting 
‘of whole-cell extracts 
(ighd. WB, Wester blot. 
(B) Increased p50 homo- 
dimer DNA binding i 
associated with 
amounts of p50 protein 
HEK 293T cells were 
transfected with XP-p50 
and increasing amounts 


p50+Bcl-3 


WB: XP 


eee 50 


% Inhibition 


00 
0 10 20 30 
cold probe 


(Fold excess) 


p50 


“eee Bcl-3 


‘of myc-Bel3 plasmids. 
50 and Be-3 levels were 
measured in whole-cell 
lysates by immuno- 
blotting (top), and p50 
homodimer DNA binding 


EMSA 


RTT" I") 


‘was measured by EMSA 
(bottom). Empty, empty 
vector alone. (© Bdl-3 
increases the halfite of 
50. HEK 293T cells were 
‘cotransfected with. XP- 
50 and empty vector oF 
myc-Bdl-3, and the half 
life (ta) of proteins was 
determined (25). 1P, im- 
munoprecipitation. (0) 
p50 undergoes Lys‘? 
(K48) polyubiquitination. 
HEK 293T cells were 
transfected with XP-p50 
‘and expression vectors 
encoding either WT, 
ys -Arg*® (KaBR) mu- 
tant, Lys*?--Arg® (K63R) 
mutant, or lysine-less 
(KO) HA-tagged ubiqui- 
tin (Ub). Lysates were 
immunoprecipitated with antibody a 


WE:XP | oeeecees 


123456 


p50-Ub 


WB:XP- 


WB:XP 
WB:Myc 


(ChIP) analysis revealed a similar reductio 
p50 binding to promoters of TNFa and CXCL2 
(chemokine C-X-C motif ligand 2) genes in Bl 

cells (Fig. IF). In unstimulated WT macro- 
phages, TNFa and CXCL2 promoters contained 
only the p50 subunit of NF-<B, indicating the 


Chase (hours) ¢,, 
(mins) 
57 
93 


0051248 


42 
96 


p50-Ub 


p50 


p50 
Bel-3 


inst XP and immunoblotted with antibody against HA. (E) Bcl-3 inhibits p50 ubiquitination. HEK 293T cells were 


transfected with XP-p50 and HA-ubiquitin with or without myc-Bcl-3. Ubiquitination was determined as in (D). 
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presence of p30 homodimer binding. After 
stimulation with LPS, p30 was transiently 
replaced by Rel and p6S dimers (Fig. IF). Five 
hours after stimulation, both TNFa and CXCL2 
‘promoters reverted to the state of pS0 occupancy 
(Fig. 1F) Incontrast, unstimulated Be/~ macro- 
phages lacked p50 homesimers on the TNF and 
CXCL2 promoters, which were instead occupied 
by p65, c-Rel, and pS0 dimers (Fig. IF). The onder 
‘of p6S and ¢-Rel dimer exchange on both TNFa 
and CXCL? promoters was severely disrupted in 
LPS-stimulated Bel” cells (Fig. IF), indicating 
‘an essential role for BeF3 and p50 homodimers in 
regulating NF-xB DNA binding and transerip- 
‘ional output of target genes, 

Although Bcl-3 has previously been reported 
to enhance pS0 homodimer DNA binding 
(16, 17), the established picomolar dissociation 
constant of pSO homodimers suggests that any 
r crease in ther affinity is unlikely 10 be 
significant (/8, 19) In support of this, we observed! 
rho measurable differences in the binding affinity of 


50 homodimers in the presence or absence of 
‘overexpressed Bel3 despite a clear increase in p50 
DNA binding in cells overeymesing Bel (Fig 
2A), Overexpresing BeF3 increased pS0 protein 
levels in a dose-dependent manner, leading to in- 
cereased p50 DNA binding, as shown in an eoctro- 
PPhoretic mobility shift assay (EMSA) (Fig. 2B). 
Pulse chase analysis demonstrated that the half- 
life of pS0 protein (S7 min) was almost doubled 
in cells overexpressing Bel-3 (93 min) (Fig. 2C), 
‘These results indicate that Bcl3 increases p50 
DNA binding by extending the half-life of pSO 
rather than by enhancing its affinity to DNA. 

To determine the potential roles of Lys. 
‘mediated ubiquitination pathway in the tumover 
‘of pSO homodimers, we examined the poly- 
ubiquitination of both overexpressed and n= 
dogenous pS0. Overexpressed p50 underwent 
constitutive Lys*-mediated_polyubiquitination, 
Which was dramatically inhibited by Bel} (Fig. 
2£), Significant ubiquitination of endogenous p50 
was detcctal only after LPS simulation, which 
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Fig. 3. Bcl3~ macrophages have increased p50 ubiquitination and degradation. (A) Increased 
ubiquitination of p50 in Bcl3~~ macrophages. BMD macrophages were treated with (+) or without 


(LPS for 16 hours. Equal amounts of protein were immunoprecipitated with a 
50 and immunoblotted with antibody against ubiquit 


dy against 
3. (B) Reduced p50 half-life in Bel” 


macrophages. BMD macrophages were treated with LPS, pulse-labeled with *°S-methionine 
‘gsteine, and tested as in Fig. 2C. (C) Generation of a p50 mutant that does not bind to DNA. HEK 


2931 cells were transfected with XI 


0 or an XP-p50 mutant containing Lys””~f 


” (YS7A) and 


Gly--Asp® (G60D) substitutions in the DNA binding domain. EMSA was performed with the 
consensus NF-xB binding sequence. (D) The p50 mutant is resistant to ubiquitination. Cells were 
transfected with HA-ubiquitin plus XP-p50, xP-p50"°”*°, or empty vector. Ubiquitination was 
determined as in Fig. 2D. (E) The p50 mutant has a significantly increased half-life. HEK 293T cells 
were co-transfected with XP-p50 or XP-p50"S”* 420, and protein half-life was determined (25). 
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‘was markedly increased in Bel” macrophages 
(Fig. 3A). The increased ubiquitination of p50 in 
Bel” cells led to a fourfold reduction in its hal 
life (63 min versus 240 min in WT cells) (Fi 
3B), Importantly, Bcl3 deficiency did not aff 
the half-life of p65, c-Rel, or the p50 precursor, 
10S. Mutation of Tyr” and Gly® in the DNA 
binding domain of p50 (20) gave rise to a DNA 
binding-defective mutant, p50¥5746, that 
‘was unable to bind to DNA (Fig, 3C) but retained 
the ability to interact with p6S and Bel-3 (fig. $5). 
‘Ubiquitination of pS0¥S74© was dramatically 
reduced compared with that of WT p30 (Fi 
3D). This was associated with icant 
increase in psoY"*°%™ half-tife (Fig. 3E). 
‘Taken together, these results establish that p50 
homodimer binding to DNA triggers its poly- 
‘ubiquitination and degradation, which are 
fectively blocked by Bcl-3. 

We next examined whether Bel played a role 
in TLR tolerance, because p50 homodimers have 
previously bon implicated in this process (21), WT 
and Bel macrophages were trated with LPS for 
24 hours (to induce tolerance), rete, and rest 
Inted with LPS, Pretrcatment of WT cells with LPS 
induced tolerance, characterized by reduced 
kine gene expression upon restimalation (Fig, 
By contrast, LPS pretreatment of Bel” macro- 
Phages not only failed to repress cytokine ge 
expression but significantly ineneased 16 and 
CCL2 expression upon restimulation (Fig, 4) 
Bcl3 deficiency didnot significantly alter the 
expression of other negative regulators of TLRs or 
receptor proximal signal in toleize cells (lg. $6). 
However, like IRAK-M (IL-1 receptor associated 
Kinase-M), SOCS-1 (suppressor of cytokine 
signaling 1), and A20, Bol was significantly up- 
regulated in tokrized macrophages (fig. $6). As 
expecta, Bel3 knockdown by RNA interference 
diminished LPS tolerance (fig. S7), whereas Bel 
overexpression significantly inhibited 7N/ 
promoter activity (fig. SS) Re-stimulation of 
tolerized WT macrophages with LPS led 10 p80 
homodimer binding to the TNFa promoter, 
‘whores in B13" macrophages restimulation kel 
to p65 dimer binding (Fig. 4B), Thus, Bel-3 me- 
slates LPS tolerance by stabilizing the p50 homo- 
dimer on the TNFa. promoter and by preventing the 
binding of tanseriptionally active pS dimer, 

To determine the roles of Bel-3 in vivo, we 
studied TLR tolerance in bone marrow chimeric 
rice that did or did not express Bel-3 in their 
hematopoietic cells. Mice were firs 
tow doses of LPS and challenged 
doses of LPS. LPS pretreatment protected all mice 
that received WT bone marrow from septic shock. 
By contrast, the vast majority of mice that receive 
Bel bone marow died of the dise 
days afier LPS challenge (Fig. 4C). 

Taken together, these results establish that 
Bel-3 promotes p50 homodimer occupancy of 
target gene promoters by inhibiting the ubig- 
Litination and subsequent degradation of DNA 
‘bound p50 homodimers, We propose that this 
sate of Bol-3-pS0 homodimer-mediated pro- 
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moter hyporesponsiveness isthe molecular basis 
of TLR tolerance. Neither Bcl3 nor pS0 alone 
is sufficient to maintain the tolerant state of gene 
promoters (Fig. 4) (22), In the absence of Bel-3- 
PSO complex, the loading of NF-xB subunits on 
target promoters and the subsequent dimer 
exchange, eritical for appropriate gene expres 
sion (23, 24), are disrupted, leading to aberrant 
expression of inflammatory cytokines. Thus, 
TLR toler J suppression are dependent 
‘on the coordinated action of both the 
p80 and its stabilizer, Beb3 (fig. S9 
text), These findings provide important 
ino the molecular mechanisms of TLR signaling 
and suggest that deleterious inflan 
sponses can be effectively controlled by targeting 
the NF-xB pS0 ubiquitination pathway. 


References and Notes 
5, Aka, K. Takeda Nat ev. Immunol. 4, 499 (2008). 
‘A Ina, R. Medchitoy, No. Immunol. S, 987 2008), 
‘AE Nedved, | Sabre, J.D. Masday, 5. . Voge, 
1. Endotoun Res. 12, 133 (2006). 

FY. Lew, . Xu, €K. Bent, L AL Well, Not Rex 
Immunol. §, 446 (2005). 

5. RJ Grmody,¥.H.Che, Cel Ml Immunol 4, 31.2007, 
6. K obayasi et ol, Cell 120, 191 (2002) 

1. DL. Boone eta, Not. Immunol. 5, 1052 (2004) 

18 R Nakagawa et ol, Inmity 17, 677 (2002) 
8 
10. 


1 Kinyo et ol, Immunity 17, $83 (202). 
EX Beit eta, Nat. mmunol. 5,373 (2008). 

AL. LD. Kerr ol, Genes Dev. 6, 2352 (1992). 

12. GP, Nolan eta, Mol. Cel. Biol. 13, 3557 (1993. 

1B. | Inoue, T. Takahara, T. Akizana, 0. Hino, Oncogene 8, 
2067 (1993). 

14. G Franzoso eta, Immunity 6,479 (1997). 

15. EM. Schwarz, P.Krimpenfort, A. Bers, 1 ML Verma, 
Genes Dew. 12, 187 (1997). 


3 AUGUST 2007 VOL 317 


c-Rel 

Control 

Input 
LPs 


TNF-c 


0 2 4 6 8 10 12 14 


NN Watanabe, Tamura, T. Shinoda, 1, Fujta, EMBO J 
16, 3609 (1997, 

1M. Camara, P. Pere, S.A ti, R. Bravo, Mo. Cll 
Bob 16, 1342 1996). 

MB. Utbar, PA. Baeuerte, Genes Dev. 4, 1975 (1990), 


G. Natal, 5: Sacan, 0. Boia, Marazi, Not 


Immunol 6, 439 (2005) 
G Ghosh G. van Duyne, 5. Ghosh, PB. Sigler, Notre 
373, 303 (1998), 

H.W. Zeger Heitbrock et ot, J. Bol. Chem. 269, 17002 


0990), 


1 Bohuslav et ol, J Ci, Invest. 102, 1645 (1998), 
5. Sacan,S. Portano, , Natl, Alo Cell 12,1563 


003), 


.Bosiso et ol, MBO J. 25, 798 (2006). 


Fig. 4. Bcl3 deficiency in mice and macrophages 
abolishes LPS tolerance. (A) Lack of LPS tolerance in 
Bc macrophages. BMD macrophages were pre- 
treated with (+) oF without (-) LPS for 24 hours. After 
1 hour of resting, cells were restimulated with LPS for 
‘an additional hour. mRNA levels were determined by 
real-time PCR. (B) Reduced p50 homodimer binding to 
TNFa: promoter in Bc13~~ macrophages under tolerizing 
conditions, BMD macrophages were treated as in (A), 
CLIP was performed with antibodies to p50, p65, and 
Rel. (C) Bcl3 deficiency in hematopoietic cells renders 
mice hypersensitive to septic shock. WT mice were 
lethally iradiated and reconstituted with either WT or 
Bci3* bone marrow (BM) cells (n from 3 to 5) (25). 
Eight weeks later, chimeric mice were tolerized with two 
consecutive injections of low dose LPS (5 maykg on day 
=5 and 10 mg/kg on day ~3) and then challenged with 
three high doses of LPS (15 mg/kg on day 0, 30 mg/kg 
‘on day 6, and 90 mg/kg on day 9 as indicated by arrows). 
Data shown are survival curves of the two groups. The 
diflrence between the two groups i statistically signif 
‘ant P < 0.00. Error bars indicate + SEM, 


25, Materols and methods are avaiable as supporting 
material on Science Onin. 
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Immune-like Phagocyte Activity in 
the Social Amoeba 


Guokai Chen,2* Olga Zhuchenko,’* Adam Kuspa*?>+ 


Social amoebae feed on bacteria in the soil but aggregate when starved to form a migrating slug. We 
describe a previously unknown cell type in the social amoeba, which appears to provide detoxification 
and immune-tke functions and which we term sentinel (S) cells. S cells were observed to engulf 
bacteria and sequester toxins while circulating within the slug, eventually being sloughed off. A Tol 
interleukin-1 receptor (TIR) domain protein, TirA, was also required for some S cell functions and for 
vegetative amoebae to feed on live bacteria. This apparent innate immune function in social 
amoebae, and the use of TirA for bacterial feeding, suggest an ancient cellular foraging mechanism 
that may have been adapted to defense functions well before the diversification of the animals, 


P 


hagocytes that engulf b: 
described by Mi 


teria, first 
nikoft in 1883, form 
part of the innate immune system of ani- 
mals in the defense against pathogens (/-4) 
Both plants and animals also use innate signaling 


pathways as a means of sensing microbial patho- 
‘gens; mainly through Toll-like receptors (TLRs) 
in animals and resistance (R) proteins in plants 
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nal through adaptor‘effector proteins such as 
those containing TIR: domains (4, 6-8} this, in 
tum, initiates the transcriptional programs that 
mediate specific defense responses (4, 9, 10) 

‘The social amocta Dictvosielium discoideum 
lives in the soil and feeds on bacteria, so it must 
defend against environmental toxins and patho- 
gens, However, threats to Dictvostelium’s surviv~ 
al must also occur during its development, when 
amoebae aggregate to form a multicellular orgs- 
nism within a semipermeable sheath and eventu- 
ally produce a fruiting body with spores resistant 
to environmental dangers and held aloft by 3 
cellular stalk (/7), Before the formation of frit- 
ing bodies, the cells can migrate as sluglke 
‘organisms for several days. During this time, ex- 
posure to toxins or bacterial pathogens have the 
potential of compromising survival by limiting 
spore production, 

We sought to examine potential protective or 
detoxification pathways that might exist in the 
social amocks. To visualize such p 
used fluorescent dyes as surto 
ronmental toxins that Diefvns 
‘encounter in the soil (12). F 
that we tested were all 
Within a small subset of cells that were scattered 
thoughout the slug (lig. SI) (13). Ethidh 
bromide (EB) displayed the highest fe 
aecurmulation within these cells (Fig. 1, 
The selective retention of EB suggest th 


ium slugs 
¢ fluorescent dyes 
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Fig. 1. Accumulation of 
EB by S cells, Bright-feld 
(A) and fluorescence (B) 
images of Diayostelium 
slugs migrating, left to 
Fight, on agar containing 
gil EB reveals single 
cells (small arrows) and 
clumps of cells (large 
arrows) that are let be- 
hind within the stoughed 
off slug sheaths. (C) Flu- 
‘orescent image of slug 
cells with 46" diamidino- 
2-phenylindole (DAP) 


stained nuclei (blue), showing two EB-negative cells and one cell containing EB within a 
large cytoplasmic vesicle (red), (D) Naive slug cels suspended in 10 g/ml EB for 15 min and 
visualized as in (Q. Row cytometry profiles of FACS-purified non-S cells (E) and S cells (F) 
before and after a 15-min exposure to 10 jig/ml EB. Quantification of the average cellular 
fluorescence of cells exposed to EB (G) or acridine orange (H) at 10 g/ml. Scale bars, 250 jm 


{9 and (B)], and 2 jum (0 and (D)). 


cells are a distinct population, and the EB label- 
allowed us to track the migration of these 
cells within the slug. 

“The cells appeared to circulate within the slug 
as single cells, moving laterally, forward and 
backwand relative to the other cells. The cells also 
clumped together into immobile groups of 3 10 
10 cells that were seen to attach to the inner 
surface of the slug sheath, These cell clumps 
were eft behind in the discarded sheath as the 
su being deposited at 
regular intervals (Fig. 1, A and B), Microscopic 


ig. 1C) and that their numbers with 
slugs remained stable overtime (~1*% of slug cells 
Because the cells were continuously sloughod 


this suggests that new cells arise continuously 

Within the slug. The cells" ability to sequester EB, 

along with their movement within, and exit from, 
ts tha they mediate toxin remov- 


When nai 
exposed to EB, ~! 
dye in cytoplasmic vesicles 
10 resemble S cells (F 


‘of the cells sequestered the 
nutes and 
number 


ext purified S cells by fluorescence: 
activated cell sorting (FACS) (fig. S2A) to 
determine their ability to take up additional EB 
(/2)and found that S cells could sequester at 
10 times as much EBas non-S cells afler 1S m 
of exposure ( 
‘obvained when purified S cells were 
\ith another dye, acridine or 

demonstration 
dilute susper F 
in toxin removal from the slug, thus sparing 
prespore cells ffom genotoxic stress. EB-exposed 


C6 Moresence (arb. Uxts) 


‘cells also displayed reduced viability, inereased 
sensitivity to killing by ultraviolet fight and a 
yer mutation frequency than other slug cells 
2). S cells appeared to be present in five 
other species of Dienostelia that we examined, 
as identified by the pattem of cellular EB accu- 
‘mulation within migrating slugs and slime trails 


oeba (14), 
ne whether the S cells represent a 
distinct cell type, we purified them by FACS and 
imated the level of specific mRNAs by quan- 
ive, reverse transcriptase polymenise chain 
reaction (qRT-PCR) (12), Genes were examined 
that distinguished the major cell types, repre- 
sented in Fig. 2A (5-17), The expression of 
prespore, prestalk A, and prestalk O genes was 
low in S cells (Fig. 2B), consistent with the 
results obtained with corBIGFP (green fluores 
‘ent protein) and ecmid GFP reporter genes (lig. 
'S4), There did appear to be enriched expression 
‘of prestalk AB genes in S cells, although S cells 
were not found! to colocalize with prestatk AB 
cells, Thus, the distribution and gene expression 
profile of S cells was distinct from all defined cell 
types (/5-J8), suggesting that they represent 
novel cell population, 

Given the intriguing properties of S cells, we 
pestulatod that they representa dedicated cellular 
defense system. A survey of the Diewosteliun 
‘genome (/9) identified potential homologs of 
proteins in plants and 
ive WRKY tnanscrip- 


to the 
rice protein Xa21 (20); and two proteins, TirA 
and Ti, with predicted TIR domains similar 10 
those found in Arabidopsis RPPS (21). OF these, 
we tested tird and sled by qRT-PCR and found 
that their mRNAs were enriched by a factor of 8 
in S cells (Fig. 2B). Expression of the ABC 
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Fig. 2. Gene expression profile of 
S cells. (A) Cartoon of a Dictyoste- 
{um slug (anterior tothe right with 
the major cell types indicated by 
colored circles (yellow, prespore; 
‘green, prestak A; orange, prestalk 
; red, prestak AB; blue, anterior- 
ike cells) (B) gRT-PCR was used to 


‘compare gene expression in FACS- 
purified S cells relative to non-S 
‘ells (12), Blue ovals indicate rela- 
tively low expression in S cells; red 


ovals indicate higher relative ex- 
pression in $ cells (prespore genes, 
CotB and D7; PstAO, ecmA; PstO, 
SSM184 and SLG775; ALC, ampA; 
PstaB, ecmB and SLA128). (C) 


toate expoasion 8 


Positive control for the qRT-PCR, 


‘comparing gene expression in cotB/afp- positive (prespore) and ecmA/gfp-positive (prestalk) cells. 


transporter genes abel? andl abeG10 ( 
also found to be enriched in S cells (Fig, 
comparison, we putified ecmd/GFP-positive 
cells and detected enrichment of ecm expres: 
sion by a factor of 3 in these cells (Fig. 2C). Be 
‘cause ecm expression has been shown to be 
specific to prestalk cells (23), this control 
the limits of puri , 
types by FACS and suguests that tira and slr 
‘expression is indeed specific to S cells 
W 

\with fluorescent latex beads oF bacteria, 
nd to have an abil 
ently (Fig. 3, A and B) (12) 
‘Quantification of panicle uptake eross the entire 
Population of slug cells revealed that all S cells 
‘eventually take up a large number of beads ($0) 
(Fig, 30). A similar number of celts that coukd 
not unequivocally be identified as S cells also 
‘engulfed the beads. The EB-negative phagocytes 
‘may representa population ofS cells that had not 
horated detectable EB-filled vesicles, 

The phawoeytic 
that they might play a roe in the defense against 
pathogens. Legionella pneumophila is bacterial 
pathogen of soil amocba that escapes. the 


S cells were 


dissemination to n 


Legionella infection wit 
spore production, itis possible that 
To 


comprornis 
S cells help prevent or limit such damag 
‘examine this, we mixed disaggregated slug cells 
with Legionella, allowed them to re-form slugs, 
following the subsequent fate of the bacter 

uring continued slug migration (/2). In these 
experiments, Leyionella were swept into re 
forming slugs by adhering to amoebae o by 
being taken up into cells. Within 6 hours, as the 
slugs migrated away fiom the site of mixing, the 
S cells were seen to contain numerous Legionel- 
Za, and the majority of Legionella were found 
inside S cells (table $1). Afier 18 hours, infected 
cells oF Legionella bacteria could not be detected 
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Within the slugs, although S cells were still 
present (table S1), Clumps of Legionella bacteria 
were observed within the collapsed sheaths that 
2s, intervals consistent 
ir being deposited there by S cells. The 
bacteria were not visible within cells but ap- 
peared to be surrounded by cell debris. We also 

fected 
Legionella bacteria through the slug sh 
a needle, without disrupting the inte 
(U2). After 6 hours, all of the bacteria we 


th with, 


the slugs. Thus, S cells appear to locat 
cengult pathogenic bacteria within the context of 
‘migrating slug and show a capacity to clear them 
from the slug over time. 

The ability of S cells to sequester pathogens 
and remove them from the slug “body” 
social amocba is akin to neutroph 
mammals. To explore this possible similarity 
further, we retumed to the role of the tir gene, 
since TIR-domain proteins regulate responses 10 
pathogens in both plants and animals (6-4, 


28, 29), Partial dektion mutants were generated 
which ~40% of the coding region, includin 
the entire TIR domain, was replaced with a drug 


resistance cassette (fig. SS. A 10 C). The tir 
produced normal numbers of S 
cells on EB agar, and the cells themselves ap- 
peared grossly normal, with lange eytoplasmic 
EB vesicles (fig. SSD). However, tirA mutant S 
cells were killed by an “avirulent” Legionella 
strain that does not kill wild-type Dictrostelium 
(lig. SSE). These results indicate that, although 
TirA is not required for S cell differentiation, it 
is critical for the effective response of S cells to 
bacteri 

The rir mutants were also observed to form 
minute colonies on bacterial lawns (Fig. 4. A and 
B, and fig. SSC). Because the tirA mutants grow 
normally in liquid media, this suggests a specific 
defect in their ability wo feed on bacteria. We 


time of exposure 


Fig. 3. 5 cell phagocytosis. Slug cells were incu- 
bated with green fluorescent latex beads (A) or 
GFP-labeled Legionella bacteria (B) for 1 hour, 
stained with DAPI (blue), and imaged by fluores: 
‘ence microscopy (12), () The numberof slug cells 
that engulfed beads were scored after the 
indicated times in separate experiments. 


tested this by seeding cells on agar plates 
with Klebsiella aerogenes (Dictvosteliun’s st 


dard food bacteria) and found thatthe tir mutant 
cells. grew for ~20 hours but then stopped 
growing and decreased in 


(Fig. 4C). This growth defect was not due to the 
mutants inability o use bacteria as a food source 
because the mutant cells grew on heat-killed 
bacteria (Fig. 4C), The growth attenuation of the 
tirA mutant amoebae correlates with a discem 
able loss of cell viability (Fig. 4D). In addition, 
tir mutant cells appeared to be more sensitive 10 
Killing by Legionella (Fig. 4E). Our results 
suggest that TitA is required by Dicrvostetim 
amochae to respond appropriately to bacteria 
during vegetative foraging 

S cells in developing social amoebae seques- 
ter toxins and bacterial pathogens and carry them 
away from the presumptive spore population, 
Given their functional parallels with neutroph 
and macrophages, we suy 
4 simple innate immune system for the so 
amoebae. We hypothesize that the S cells’ com 
promised fitness is advantageous, 
ases the fitness of the prespore cells, This 
idea, along with the identification of what 
appear to be S cells in five other speci 
Dictvostetia, adds another layer of complexity 
to the cellular cooperation observed inthe 
social amoeba (30), 

Multicelluarty likely increased the selective 
pressure on an organism's ability to avoid ex- 
ploitation by pathogens (1). Although plants and 
imals share a similar oganization of innate 

ignaling pathways, the hypothesized 
conservation of the component proteins has been 
called into question and has been proposed to 
hhave resulted fiom convergent evolution (5,6,.32), 
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Fig, 4. TirA requirement for growth on bacteria, (A) 
A Lem-ciameter colony of wild-type Dictyostelium 
fon a lawn of K. aerogenes (Ka) bacteria. The 
amoebae in the center have exhausted the bacteria 
and are undergoing multicellular development. (B) 
Two colonies of ti mutant cells (arrows) plated at 
the same time as those in (A). (C) Wild-type (wt) and 
tir mutant amoebae plated with live or dead (heat- 
killed) K. aerogenes bacteria. (D) The viability of cells 
was estimated at various times of growth in (Q on 
tive () or dead (0) bacteria (22). () The tA mutant 
cells show decreased survival after exposure to 
Virulent (V) L. pneumophila (Lp), at a multiplicity 
of infection of 20, for 6 hours and 18 hours. 
Exposure to an avirulent (A) mutant L. pneumophila 
(demi) is shown for comparison. 


ining the response of amoebae to bacteria 
might clarify this issue because the amocbozos 
diverged soon afer the planUanimal split and 
are a basal group of the crown group cukaryotes 
4). Moreover, amoebae are phagocytic 
cells that are in constant contact with bacteria 
and they might have retained key character- 
stics of plant and animal innate immunity if 
those funetions existed in their common an 
eestor, The role of Tit in Dietvostelium’s re- 
sponse to bacteria provides the fist wlimpse of an 
inmmune-related signaling system in amoeba and 
suggests that the use of TIR domain-basedt 
signaling for defense represents. an ancient 
function present in the progenitor of all crown 
group cukaryotes, If true, it would suggest that 
this system of pathogen recognition was advan- 
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cet density (x 10%/em*) 


tageous to organisms before the evolution of 
‘multicellular 
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Multimode Reader 


The Modulus Microplate Multimode Reader for fluorescence, lumines 

cence, and absorbance applications features an on-board computer, 
touch-screen navigation, and dynamic protocol wizards. Each of the three 
application modules can be purchased separately or combined. For labs 
performing luminescence applications, options include single or dual 
injector systems, curve-fitting software, and a luminescence light stan 

aid. The fluorescence module includes four individual optical kits: blue, 
ultraviolet, green, and red. The absorbance module includes a filter wheel, 
four filters, and two filter holders. Each of the three detection modules 
contains individual detectors specific to the application, 

Turner Biosystems For information 408-636-2400 ww. turnerbiosystems.com 


Animal-Free Blocker 

Animal Free Blocker is a plant-derived block 
ing agent or diluent for nucleic acid or protein 
blotting applications that eliminates the pos 
sibility of interfering animal proteins. Con: 
taining no proteins of animal origin, Animal 
Free Blocker can be used as an alternative to 
sera, bovine serum albumin, casein, of non-fat 
dry milk to avoid potential interaction 
between the immunoglobulin in these protein 
solutions and antibodies used for detection, 
especially anti-goat immunoglobulin or anti 
sheep immunogtobutin. the immunoglobulins 
that may be significant in these commonly 
used blocking agents/diluents can bind to the 
detection antibodies and either reduce the 
signal or produce high background. 

Vector Laboratories For inlormation 
(650-697-3600 wirnvectorabs.com 


Biomedical Research Software 

BioPathwise DM software for biomedical 
researchers makes it easier to capture, secure, 
share, and publish data from any laboratory 
instrument in any format: images, spread 
sheets, documents, and mote. The system was 
developed to address bottlenecks in academic, 
pharmaceutical, and biotechnology research 
settings. The BioPathwise DM system fits seam: 
lessly into the research laboratory workflow, 
saving raw data in association with the sum- 
‘mary information that makes it meaningful. It 
isa lightweight application that can be down: 
toaded and set up for small groups by a lab 
head or principal investigator with basic com- 
puter skills, Guidance is offered for larger 
‘organizations for server configuration and net- 
work installation. The system allows labs to 
‘make the information available to anyone it 
chooses in a secure environment, accessible on 


the Web from any location. Groups of 
researchers can easily document, store, and 
share data along with any reports, records, 
copies of peer-reviewed articles, or other rele 
vant information that helps interpret the raw 
experimental data, 

The BioAnalytics Group For information 
(609-632-0091 wn. bioanalyticsgroup.com 


Mathematica Update 

Version 6.0 represents the most significant 
upgrade to Mathematica since its introduc 
tion in 1988, according to its maker. The new 
version introduces more than 1000 new tech: 
nologies developed over more than 10 years. 
Mathematica 6 is designed to take technical 
computing to a new level: more tightly 
bound, more natural, more automated, and 
applicable to more areas. Central to this 
achievement is “instant interactivity’"—tak: 
ing models, simulations, computations, or 
just about any concepts and turning them 
into fully interactive applications. Key new 
features include: dynamic interactivity, 
allowing sophisticated interactive interfaces 
to be created from single lines of input; high: 
impact adaptive visualization for automated 
creation of high-fidelity function and data 
graphics; language for data integration, 
including automatic integration of hundreds 
of standard data formats; load-on-demand 
curated data for math, physics, chemistry, 
finance, geography, linguistics, and more; 
symbolic interface construction for immedi 
ate creation of arbitrary interfaces from sim- 
ple programs; and automated computational 
aesthetics, with algorithmic optimization for 
visual presentation. 

Wolfram Research For iniormation 

217-398-0700 wawotlram.com 


mRNA Production System 

The mScript mRNA Production System provides 
researchers with a fast and simple method for 
producing superior eukaryotic messenger RNAS 
(mRNAs). Incorporating an in vitro transcription 
system, capping enzymes, and RNA poly(A) tail 
ing reagents, the kit contains everything a 
researcher needs to produce transfection, electro 
poration, oF microinjection-ready mRNA. The sys 
tem provides the advantages of 100% capped 
‘messages, 100% proper cap orientation, and the 
natural Cap 1 structure—all of which increase in 
Vivo mRNA translation efficiency. Epicentre 
Biotechnologies For information 800-284-8474 
vw. EpiBio.conmvmScrip. asp 


Antigen Immobilization Technology 
The Dynabeads M-270 Immunoassay (Carboxyl) 
is designed to provide precise immobilization 
of antigens such as proteins, peptides, steroids, 
and hormones for in vitro diagnostic magnetic 
bead-based immunoassay applications. The 
antigens are coupled directly or via a cross: 
Linker to carboxylic acid groups on the new 2.8 
‘micrometer Dynabeads. The hydrophilic surface 
of the beads ensures low nonspecific binding of 
serum proteins that would otherwise interfere 
with the assay. The beads disperse well, are eas 
ily handled in a wide varity of buffers, and do 
‘not inhibit enzymatic activity, 

Invitrogen For information 617-897-8258 

vec imvtrogen.com/vd 


Neniy offered instrumentation, apparatus, and laboratory 
‘materials of interest to researchers in all disciplines in aca- 
omic, industria and government organizations are featured 
in this space. Emphasis is given to purpose, ciel characteris 
tis, and availabilty of products and materials. Endorsement by 
‘Science or BAAS of any products or materials mentioned isnot 
implied. Additional information may be obtained rom the 
smanulacture or supple, 
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Phone: 202:3266577 


Europe & International 


Email: adst@scence-int.co.uk 
Fax: +44 (0) 1223 326532 


‘TRACY HOLMES Sales Manager 
Phone: #4 (0) 1223 326525, 
‘MARIUM KUDOA 

Phone: 44 (0) 1223326517, 
AEX PALMER 

Phone: #4 (0) 1223326527 
Louise MooRE 

Phone: +44 (0) 1223 326528 


Japan 

IASON HANWAFORD 

hore: 81 (0) 52-757:5360 
Emait:Jhannaford@scencemag.ip 
Fax: #81 (0 52.757:5361 
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LABORATORY MEDICINE FACULTY. 
Positions at the University of Calforia, San Dicgo 
(UCSD). The Deparment of Pathology” (website: 
hep://medicine ted.cdu/pathology/) i sche 
new acy in the Dison of Laboratory Medicine 1 
Support the suategi espansen of UCSD Healthcare 
dnd the growth of ts rapemnal refer service, nial 
recruiments wll ein the ares of chal chemity/ 
Proteomic, toicology/pharmacogenomtics, hem 
{ology hematopathology, mrobsology virology, 
Snel mdccular chagont” Successful candidates wl 
‘hare cna at alminiratne expec in the 
Cinical Laborstrics atthe campus in San Dicgo 
(Hier), La Jel (Thornton), and Torrey Pins. 
Appian sil ane rong Sadi ois 
‘wth track record of bac, tandaional, or clinical 
Tesch, and ae eapected to atively contribute 10 

tal educational programs inchading trating 
of rekices, Ellows, prainae, and medical sents 
Candidates must poses M.D., Ph.D.. or M.D./ 
PhD. degrees and be Bouncer eligible bythe 
American Beant of Pathology or a diplomate ofan 
Sccreited clinical Laboratory subspecialty. board 
Caloris Becnaure i ako required’ Preference wil 
te given to indivnlals with por subapecay work 
caperience oe Kllowship training. Academic sts and 
fank will be ‘commensurate with eapenence and 
traning. Saliry will be consitent with published 
UCSD pay scaks. Applicants shouk! sutvnit their 
‘cuicultm vitae with dane eter descnbvng china 
Sind rexarch iocrests and the names/adireses. of 
three references tor Ronald W. McLawhoa, M-D., 
Ph.D., Director, Clinical Laboratories and Profes” 
tor and Head, Division of Laboratory Medicine, 
(/o Ma, Catherine Schumacher, Search Coondias 
tor, Department of Pathology 0717, University of 
Califomia San Diego School of Medicine, 9300 
Gilman Drive, La Jolla, CA 92093-0717. Rviow 
of apphcations will begin August 27, 2007, and wil 
continue unt filled” Applications’ by e-mail are 
Scceptable' to e-mail: ‘edschumacher@uesd.edu 
UCSD ir Afimste Acton qual Oppenty Employer 
wth soome einai coment We csdene gh 
‘very, 

FACULTY POSITIONS in ECOLOGY and 
EVOLUTION 
UCLA Department of Ecology 
land Evolutionary Biology. 

The Department of Ecology and Evelutionary Bic 
ogy 2¢ UCLA invites apyicanons for two tenure track 
jpoutions for an ECOLOGIST and EVOLUTION. 
KRY BIOLOGIST, both at the ASSISTANT 
PROFESSOR level. We neck candidates who adress 
central soncepes in ecology aa evlution using theory 
indor experimentation Applian working on all 
Spc pari the king the mare 
‘alm, re welcome. The Depart sao intrest 
in incisal witha Nstcry of peomoting very 
tchcation, The expected art date Sptember 2008 
Caniates mut have a PhD; posoctord cap 
‘ce is deed. Salary fs commenstate with education 
Sn experience, Succ caniates ae expected to 
patiiqure im undergraduate and graduate teaching 
Sd wo mainain an externally funded research pro 
gram. UCLA has ourstanding resources, incloding 
the UC Natural Reserve System, the NSF Tosticute 
Of Pure and Applica Mathematics (IPAM), the Ins 
ture of the Eiiranmant's Center for Tropical Re 
Search and Coal Center, a daparmonta seawater 
ime fc, re-cculting sawacr hekding fies, 3 
conta research vesch, and many. cone. fais 
Apphcants should Sutenc application materia online 
(website: hetp:/ /www.eeb.vclacedu/ecoevobio) 
‘coer leer, curkukim sitac, statement of rescarch 
Sind teaching interest, poo to thrce pistons, and 
names and aldreses of thee rcferencts. Pete tej 
‘number: O830-0708-01 (Ecclogs) or 08300708 02 
(Evolutionary Boog) in all correspondence. For 
Sitsonal information, contact: Search Commitee 
Chair Privanga Amarasckare (emai: amarssck@ 
ebuuda-edu). Review of applicitions will begin 
Ssptember 15, 2007. UCLA's av Afimstre Ais 
Eipad Oppetiney Enpoyer sah a iemng tiie 

semen! ws the inom of deity sng fay 
ao ath 
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icant 
FACULTY in MOLECULAR ONCOLOGY 
‘The Universiy of Michigan Medial School 
The Deparment of Pathology i seeking tenure 
track cyt further bul on escarch program 
Imolccule oncology Ares of parila interest 
fie, bt ae not bite to, epigenetic regulation of 
transcription, prxcin modling/chemicl 
Sn racer logy 
“The Department, Medical School, and Heath 
Care Sytem are alin enclcn nana condition, 
(Over 380 faculy actly paticpate in the Univer 
Of Michigan Compechensive Cancer Center, The 
Deparment perats its own graduate program and 
haamine endowed chair and over S25 aon annual 
Ipinrescarch cxpcnditurcs. Parbcular arcs of research 
strength inca malcclar oncology, ang no 
Se pcomiy, wd inrmaitherey ced 
sts of Pathology Inormats and Transat 
Fetlogy ois cottheaign eaicosia sepor 
of recarch progr. laning for new bualng 
House the Departments cna rescarch al ec 
Sonal activi curently underway 
"The succesful applicant wil hokt a Ph.D. or 
MLD./Ph D. and dre vigorous rescarch program 
Sipporcd by exeral funding, Ample ewouress are 
Sedfale to goalie applicants, Acie rank wil 
ion th ne tack with rank conmensrate w 
aperience, Qualia applicants shoukt smi a 
research interes, cur 
three reerences 
Jay Le Hess, M.D. Ph.D 
Ga Water Prasad Chi 
Department af Pathology 
University of Michigan Medial School 
Medial Scence 1 Bullding, Room M240 
1301 Catherine Road 
‘Ans Arbor, MI-48109.0602 
The Unive of Michigan Hea Spe i an 
Aponte Aen npr and wes ep fo 
eect ond ets, 


ASSISTANT PROFESSOR 
Cellular/Developmental Biology 
California State University, Fullerton 
California State University Fullerton, Department 


ath peterene gen to candiates with expertise 
Aisedopncnal baoloy, Appian: must hare a PD, 
snl prtdocorlelearh epoch cc 
Canuates wil be expected to develop am active 
“ateraly funded resatch progr ivoling unde. 
guaduate and Masters keel students and be com 
Initted to excellence in teaching a diverse population 
Sfstadens. Teaching reponsiiltics wil meh an 
inguin ower al gy ci or 
‘pment bielogy, and the candidate wll have the 
‘pportiy to dciclop 3 course nachos area Of 
‘pert. Inerdicplnary claboratons are rong 
i acouraged within the Deparment and College 
Sead: (1) cumculum vitae (nding 4 history of 
fan acthity), (2) a statement of research plans, (3), 
fo or three rated puleations, (4) three eters of 
fecommiendaton, aint (S) 4 statement of teaching 
Phlosopyinchding teaching experience and couse 
Prekrences tor Chain, Developmental Biology 
Search, Department of Biologia! Science, Cal 
fornia’ Seate. University, Fullerton, P.O, Box 
6830, Fullerton, CA 92834-6850 (website: 
heps/ biology fllerton-edu}. Review of ap 
tions will begin 1 November 2007, and continue 
Sin 2 suisable candidate is apposed imate 
‘An gal Oppornty Tite INADA Lappe 
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OFFICE OF PORTFOLIO ANALYSIS AND STRATEGIC INITATIVES reS) 
DIRECTOR, DIVISION OF RESOURCE DEVELOPMENT AND ANALYSIS 


mm of Resource Develop 
‘ment and Analysis (DRDA) within the Office of Portfolio Analysis and Strategic Initiatives (OPASI). If you are an exceptional candidate with 
an M.D. and/or Ph.D., we encourage your application. 


broad input from the ¢ ¢ public; Valid and reliable information resources and tools, including uniform disease coding 
and accurate, current and compechensive information’on burden of disease; an insttutionalized process of regularly scheduled evaluations based 
‘on current best practices; the ability to weigh scientific opportunity against public health urgency: a method of assessing outcomes to enhance 
accountability; and a system for identifying areas of scientific and health improvement opportunities afd supporting regular trans-NIH scientific 
planning and initiatives 


Asthe DRDA Director, you will be responsible for employing resources (databases, analytic tools, and methodologies) and developing specifications 
for new resources, when needed, in order to conduct assessments based on NIH-owned and other databases in support of portfolio analyses and 
priority setting in scientific areas of interest across NIH. 


Salary is commensurate withexpericnce and includes a full benefits package. A detailed vacancy announceinent with the mandatory qualifications 
and application procedures can be obtained on USAJOBS at www..usajobs.gov (OD-07-172841~T42) and the NIH Web Site at http://www. 
jobs.nih.gov. Questions om the application procedures may be addressed to Brian Harper on 301-594-5332. Applications must be received by 
‘midhight eastem standand time on August 10, 2007, 


\Z DIRECTOR, DIVISION OF STRATEGIC COORDINATION 
The Office of the Director; National Institutes of Health (NIH) in Bethesda, Maryland, is secking a Director of the Division of 
Strategic Coordination (DSC) within the Office of Portfolio Analysis and Strategie Initiatives (OPASD. If You are an exceptional 
candidate with an M.D, and/or Ph.D.,. we encourage yourapplication, 


f Ka OFFICE OF PORTFOLIO ANALYSIS AND STRATEGIC INITATIVES 


‘The OPASI's primary objective'is to develop: a transparent process of planining and priority-setting characterized by a defined 
scope of review with broad input from the scientific community and the publie; valid and reliable information resources and tools, 

icluding uniform disease coding and accurate, current and comprehensive information on burden of disease; an institutionalized 
process of regularly scheduled evaluations based on current best practices; the ability to weigh scientific opportunity against public 
health urgency; a method of assessing outcomes to enhance accountability: and a system foridentifying areas of scientific and health 
improvement opportunities and supporting regular trans-NIHT scientific planning and initiatives. 


As the DSC Director, you will be responsible for integrating information and developing recommendations to inform the priority 
setting and decision-making processes of the NIH in formulating NIH-wide strategic initiatives. These initiatives will address 
exceptional scientific opportunities and cmerging public health needs (akin to the Roadmap, Obesity, and Neuroscience Blueprint 
initiatives), You will also be responsible for providing the NIH Director with the information needed to allocate resources effectively 
for trans-NIH efforts. 


Salary is commensurate with experience and includes a full benefits package. A detailed vacancy announcement with the mandatory 
qualifications and application procedures can be obtained on USAJOBS at www.usajobs.gov (announcement number OD-07- 
172844-T42) and the NIH Web Site at http://wwwjobs.nih.gov. Questions on the application procedures may be addressed to 
Brian Harper on 301-594-5332. Applications must be received by midnight easter standard time on August 10, 2007. 


THE NIH IS DEDICATED TO BUILDING A DIVERSE COMMUNITY IN ITS TRAINING AND EMPLOYMENT PROGRAMS 


OFFICE OF PORTFOLIO ANALYSIS AND STRATEGIC INITATIVES 
DIRECTOR, DIVISION OF EVALUATION AND SYSTEMIC ASSESSMENTS 


The Oflice of the Director, National Institutes of Health (NIH) in Bethesda, Maryland, is secking a Director of the Division of Evalu: 
Systemic Assessments (DESA) within the Office of Portfolio Analysis and Strategic Initiatives (OPASH). If you are an exceptional candidate 
with an M.D. and/or Ph.D. and the vision and ability to integrate evaluation systems and programs across multiple disciplines and onganizations, 
we encout F application, 


The OPASI’s primary objective is to develop: transparent process of planning and priorty-setting characterized by a defined scope of review with 

broad input from the scientific community and the public; yalid and reliable information resources and tools. including uniform disease coding 

and accurate, current and comprehensive information on burden of disease; an institutionalized process of regularly scheduled evaluations based 

‘on current best practices; the ability to weigh scientific opportunity against public health ungencyy.a method of assessing outcomes to enhance 
countability 

planning and initiatives. 


As the DESA Director, you will be responsible for planning, conducting, supporting, and e 
of NII Institutes and Centers such as the Roadmap, Obesity. and Neuroscience Blueprint initiatives. In y 

for conducting governmentally required assessments according to the Govemment Performance and Resulis Act (GPRA) and OMB Program 
Assessment Rating Tool (PART), You will lso serve as a member of the OPASI Stcering Commitice involved in oversight of institution-wide 
planning and analysis 


Salary is commensurate with experienc@and includes a full benefits package. A detailed Vacancy announcement with the mandatory qualifications 
‘and application procedures can beoblained on USAJOBS at w w.usajobs.gov (announcement number OD-07-172847-142) and the NIH Web 
Site at http:/www.jobs.nih.gov. Questions on the application procedures may be addressed to Brian Harper on 301-594-5332, Applications 
must be received by midnighteastern standard time on August 10, 2007. 


HUMAN GENETICIST 
Tenure-Track/Tenure Position 


‘The newly formed intramural Laboratory of Translational Genomics (LTG) in the Division of Cancer Epidemiology and Genetics (DCEG), National Cancer 
Institute (NCD), National Institutes of Health (NLL), Department of Health and Human Services (DHHS), is recruiting two tenure-track/tenured investigators. 
‘The mission of the LTG is to investigate the genotie basis of strong association signals identified by candidate gene approaches, linkage analyses in high-risk 
families, or genome-wide association studies (GWAS), particularly loci identified by the ongoing Cancer Genetic Markers of Susceptibility (CGEMS) program 
involving GWAS of several major cancers. Investigator i the LT are expected to develop an independent research portfolio in cancer genomics focused on(1) 
fine mapping and re-sequencing of loci relevant Yo cancer susceptibility and/or outcomes, (2) investigation into the causal gene variants that provide biological 
plausibility foreach locus, and (3) bioinformatic analyses Of publicly available datasets derived from germline annotation of genetic variation and somatic altra- 
tions in cancers. Each investigator is expected to leverage the NCL resources in molecular epidemiology. high-throughput genotyping and whole genome scans, 
biostatistics and bioinformatics, as wel a in basic and clinical sciences. The incumbent will receive research support for developing a state-of-the-art genomics 
laboratory, and recruiting two post-doctoral fellows bioinformaticians and a technician, 

Applicants must have an M.D. and/or Ph.D. in a relevant field, extensive postdoctoral experience, and a record of publications demonstrating potential for 
creative independent research in human cancer genetics. Facility with bioinformatics databases and high dimensional data are highly desirable along with strong 
communication skills. Interested individuals should send a cover letter, curriculum vitae anda brief summary of research accomplishments and goals, along with 
copies of three to five publications or preprints, and three letters of reference to: 

Ms, Judy Schwadron, Division of Cancer Epidemiology and Genetics, National Cancer Institute, 6120 Executive Blvd. EPS/8073, Bethesda, MD 
20892, 

Recommendations can be incluxled with the package or sent directly by the recommender to Ms. Schwadron. Candidates should submit applications by October 
15, 2007; at this time, the committee will begin to look at suitable candidates. However, the search will continue until qualified scientists are found, Additional 
information about staff and ongoing rescarch in the NCI Division of Cancer Epidemiology and Genetics is available at http:/www.deeg.cancer.gov. Please 
contact Dr. Stephen Chanock (phone 301-435-7559 at chanocks‘@ mail.nih.gov) or Dr. Pegzy Tucker (phone 301-496-8031 at tuckerp(@mail.nih.gov) for 
questions about the positions). 


_ Scientific Review Administrator 
(Health Scientist Administrator) 
Center for Scientific Review 
http://ems.csr.nih.gov! 


Would you ike to work with the most accomplished scintss in your eld wo provide 
fir and expert peer review of research and traning grant applications submitted 
tothe NIH? The Center for Scientific Review is recruiting dynamic, experienced 
research scientists in a variety of scientific areas. The successful candidate will bea 
respected, accomplished scientist with maturity, integrity and outstanding commu 
nication skills. Requirements include an M.D. or Ph.D. degre in he biomedical or 
behavioral sciences (or equivalent training and experience, a record of independent 
research accomplishments in your field, documented by an oustanding publication 
record and administrative background. 

The Scietfic Review Administrator isa the focal pint of NIH pecr review, SRAS 
analyze grant applications forkey topic areas, recruit experts, conduct stay section 
mectings, and prepare review documents. The position involves tel scientific 


mcetngs, traning in health science administration, opportunities 1 serve the larger 
NIH community, and career development activities, 


Compensation is commensurate wth research experience and accomplishments, nd 
8 full Civil Service package of benefits is available (including retirement and thrift 
plans as wel as health, ie, and fong-term care insurance), 


For information about current opportunities as a Health Science Administrator at 
'CSR, consult our website: http:/ems.esr.nih.gov/AboutCSR/Employmenv. Feel 
froe to call (301) 438-1111 as well, if you have aay questions 


fsa 


The Laboratory of Molecular Bidlogy (LMB), Center for Cancer Research, of 
the National Caneer National Institutes of Health (hutp:/ecreancer. 
gov/labs/lab.asp?labid=99) uses genetics; molecular biology, cell biology, and 
molecular modeling o examine and solve a broad range of important biological 
problems, The Laboratory now invites applications fora tenure track position 
in the Laboratory of Molecular Biology, CCR,NCI fora scientist working in 
the field of antibody engineering as it relates to ¢anter therapy. Candidates 
must have & Ph.D. or M.D. and a proven record of innovative research and 
Productivity in antibody engineering, display of antibody fragments on phage 
snd mammalian cells and cancer therapeutics. The successful candidate wil join 
an active group of translational and clinical investigators in the LMB working 
on immunotoxins, humanized antibodies, and toxin biology and carrying out 
clinical trials with immunotoxins and antibodies. Salary will be commensurate 
with education and experience. Atwo-page statement of research interests nnd 
goals should be submitted in addition to three letters of recommendation and a 
curriculum vitae to Mrs. Ann Schombert, Executive Secretary, Laboratory 
of Molecular Biology, CCR, NCI, Building 37, Room 5106, Bethesda, MD 
20892-4264; phone: 301-451-8714, Fax; 301-402-1344, email: schombea(@ 
op.nci.nih.gov, NIH Tenure track investigators with educational debts may 
be eligible for the NIH Loan Repayment Program. The NCI is an Equal 
[Opportunity Employer. The closing date for applications to be accepted is 
September 15,2007. 


TENURE TRACK POSITION 
LABORATORY OF MOLECULAR BIOLOGY 


THE NIH IS DEDICATED TO BUILDING A DIVERSE COMMUNITY IN ITS TRAINING AND EMPLOYMENT PROGRAMS 


Biostatistician 


‘The intramural program of NINDS is seeking an experienced 
Biostatistician to serve in its Biostatistics Unit at the NIH Clini- 
‘cal Center in Bethesda, Maryland beginning in August 2007. 
This is a full-time position with responsibility for reviewing 
and providing statistical support toward improving clinical 


protocols; general statistical consultation service to research 
staff for data analysis and study design; and substantial col- 
laboration on projects as a coauthor in published work. 


‘A Doctoral Degree is required, Experience in biostatistics 
lor statistics with working experience involving biostatistical 
applications to clinical trials and/or observational studies is 
preferred. Appointment will be in the Staff Scientist (non- 
tenure track) series and salary will be commensurate with 
experience. 


Applicants should send a cover letter, C.V., and names of 
three references to: 


‘Ms. Caren Collins, NINDS/NIH/DHHS, 10/5N254, 10 Center 
Drive, MSC 1430, Bethesda, MD 20892, or via E-mail: col- 
linsca@ninds.nih.gov. 


Postdoctoral, Research 
and Clinical Fellowships 


at the National 
Institutes of Health 


www.training.nih.gov/pdopenings 


www.training.nih.gov/clinopenings 


Train at the bench, the bedside, or both 


Office of Intramural Training and Education 
Bethesda, Maryland 20892-0240 
800.445.8283 


Forschungszentrum Karlsruhe Universitat Karlsruhe (TH) 
in der Helmholtz~Gemeinschaft Research University - founded 1825 


Nd 


“The Forschungszentrum Karlsruhe is one of the largest research institutions in Germany and a member of the Helmholtz Association 
of National Research Centres. Our research programs focus on energy and atmospheric research, micro- and nanotechnology, and 
structure of matter. At present, the Forschungszentrum Karlsruhe and the Universitat Kartsruhe (TH) are combining their activities in 
the Karlsruhe Institute of Technology, KIT. 


Within the framework of KIT, applications are invited for the position of 


Head of the Institute of Meteorology and Climate Research 
(Atmospheric Trace Constituents and Remote Sensing Division, Successor of Prof. H. Fischer) 


associated with the position of a 


University Professor (salary group W 3) 


at the Universitat Kartsruhe (TH) according to the Jalich model. 


The Institute of Meteorology and Climate Research studies basic atmospheric processes and their coupling by biogeochemical 
‘cycles in he Earth's system. The Atmospheric Trace Constituents and Remote Sensing Division focuses on the investigation of trace 
constituent budgets and the associated processes, especially in the upper troposphere and stratosphere, and their relevance to 
global change. In particular, sophisticated remote sensing methods are applied for this purpose. The leading role of the Institute in 
ational and European research projects is due to its outstanding expertise in the development and application of instruments, in 
particular of infrared spectroscopy, and of modeling toots. 


‘The successful candidate should be a person of outstanding academic ability with wide ranging scientific competence and proven 
management skills, They should pursue innovative approaches in at least one of the above mentioned research fields. Applicants 
‘are expected to participate actively and extensively in national and international research programs. 


‘The holder of the position will be the director of the Atmospheric Trace Constituents and Remote Sensing Division of the institute 
‘of Meteorology and Climate Research of the Forschungszentrum Karisruhe. A variety of possibilities exists for cooperation with the 
‘other three divisions of the institute at the Forschungszentrum and with the Universitat Karlsruhe (TH). The Forschungszentrum 
Karlsruhe is a member of the Helmholtz Association of National Research Centres that pursues long-term research objectives of the 
state and society in scientific autonomy. 


‘The professorship is assigned to the Faculty of Physics of the Universitat Kartsruhe (TH). The holder of the position is expected to 
Participate in training and lecturing in the field of meteorology. In addition, an active role in the development of the Karlsruhe institute 
‘of Technology (KIT) under the planned KIT centre “Climate and Environment” is desired. 


Candidates must have a proven record of research and teaching as documented by a habilitation or equivalent qualifications which 
also may have been acquired in the course of non-university employment. 


‘Applications of qualified women are strongly encouraged, as we wish to increase the proportion of female scientists on the manage- 
ment level, 


Handicapped applicants having the same qualification will be given preference. 


‘Applications with the customary documents (curriculum vitae, certificates, list of publications, including selected reprints, as well as 
‘documentation of previous research and teaching activites) shall be addressed to Dr. Peter Fritz, Member of the Executive Board, 
Forschungszentrum Kartsruhe, P.O. box 3640, 76021 Karlsruhe, Germany and in parallel to Prof. Dr. Heinz Kalt, Dean of the 
faculty of physics, Universitat Karlsruhe (TH), Wolfgang-Gaede-Str. 1, 76131 Karlsruhe, Germany by September 30, 2007. 
In addition, please submit your application in electronic form (e-mail: peter ritz@vorstand.fzk.de) 


Internet: www.tzk.d www.uni-karisruhe.de wwew.kitedy Institute: www.tzk.de/imk/ast 
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U.S. Department of Energy 
Office of Science 
Deputy for Programs 
Announcement #SES-SC-HQ-013 (kd) 


The US, Department of Energy's (DOE) Office of Science is seeking highly qualified candidates 
with outstanding scientific achievements to fill the Deputy for Programs position. The Office of 
ie isthe single largest supporter of basi research in the physical sciences in the United States, 
h.a 2007 budget of $3. billion. It oversces the Nation's research programs in high-energy and. 
iuclear physics, basic and fusion energy sciences, and biological, environmental and computational 
sciences, The Office of Science is the Federal Government's largest single funder of materials 
tnd chemical seiences, and it supports unique and vital parts of U-S. research in climate change, 
gcophysics, genomics life sciences, and science education. The Office of Science also manages 10 
‘World-class laboratories and oversees the construction and operation of some of the Nation's most 
advanced R&D user facilites, located at national laboratories and universities. These include particle 
and nuclear physics accelerators, synchrotron light sources, nanoscale science research centers, 
yeulron seattering facilites, bio-energy research centers, supercomputers and high-speed computer 
yetworks, Mare information on the Office of Science can be found at http2/selence.doc. gov 


The Deputy for Programs provides sciemific and management oversight ofthe six program offices 
by ensuring program activities are strategically conceived and executed: formulating and defend: 
ing the Office of Science budget request; establishing policies, plans, and procedures related to 
the management of the program offices; ensuring the research portfolio is integrated across the 
program offices with other DOE program offices and other Federal agencies; and representing the 
‘organization and make commitments foc the Department in discussions and meetings with high-level 
overt i private sector officials. The position is within the ranks of the U.S. govern 

Senior Executive Service (SES); members of the SES serve in key positions just below the top 


MASSACHUSETTS 
GENERAL HOSPITAL 
HARVARD STEM CELL INSTITUTE 


The Center for Regenerative Medicine 
(CRM) at Massachusetts General Hos- 
pital invites applications for a tenure-track 
assistant professor position. Outstanding 
sciemists in the field of stem cell biology who 
have the demonstrated ability to develop a 
strong independent research program will be 
considered. Successful candidate(s) will be 
members of the Harvard Stem Cell Institute 


and faculty of Harvard University. Candidates 


‘must hold a PhD and/or MD and havea histor 
‘of innovative, interactive research. Applic 
should send an electronic copy of (1) letter of 
imerest (2) research plan and (3) current cur 
riculumn vitae to Dr. David Seadden e/e Chris, 
Shambaugh: epasker(@ partners.org. Three 
letters of recommendation should also be sey 
directly to: 

Center for Regenerative Medicine 


Seareh Committee 
Attention: Chris Shambaugh 


Presidential appointees 


To apply for this position, please see the announcement and applicat 
jJobscarch.usajobs.opm.gov/ses.asp uinlerthe vacancy arsnounceme 


tructions at hetp:// 
 #SES-SC-HQ-013 (kad) 
‘Qualified candidates are asked to submit their online applications by August 29, 2007, 


Boston, MA 02114 

Women and minority candidates are urged 

to-apply. MGH is an Equal Opportunity 
Affirmative Action Emplaver: 


MICHIGAN STATE 
UNIVERSITY 


Coupled Human and Natural Systems 


Michigan State University secs thee fcuby members in the areas of 

Coupled human! and natural sic,” One of these postions wi 

tmphasize environmental poly one land use and one population ak 
nC or envroamenal policy We are espectlly niensted tn 

mens will be join: berween the Environmen 

Science and Polly Program and the Deparments of Geography (lan 

tee postion), Poltial science (envirmnmental policy postca) OF 

Psion’. The isciplinary department wil be the tenure home fo cach 

Posiion. The appointments willbe tenure syste 

Feauited a the time of appointment Candidates should fave strong 

tmethodologcal skills and rigorous theoretical focus 

advantage. The postions wll be siructred 

erationallyrchowned research proga 

Prelerence wil he gpven to cana who in an iin 

to ioduce computational and other formal modeling echnues nt 

the undergraduate secal science currculum. Letters of application 

shouldbe accompanied by a curscuim vitae, shor 


prolessional gos, thre Itters of relerence and examples of published 
fork. Applications wil be reviewed staring Oktober 1, 2007, and wil 
bre accepted until the postions are lilled. Applications can be mailed or 
sent electronically. Mailed applications should be addressed io: ESPP 


Science and | 
i rem cert Sonar 


and directed to Search Commitee 


Professor and Co-Director 
Redox Biology Center and Department of Biochemistry 
University of Nebraska-Lincoln (UNL) 


The Redox Biology Center (RBC) at UNL, funded asa Center of Biomedical 
Research Excellence bythe National Institutes of Heal, invites nominations 
and applications from established investigators fr a tenured Full Professor 
Position inthe Department of Biochemistry and Co-Director of the Center, 
The RBC is amajor focus group for rescarch in redox biology, incoeporating 
‘various investigators at UNL and the University of Nebraska Medical Cent 
in Omaha. Areas such as thiol-based redox signaling and gene regulatio 
redox control of neurodegenerative diseases and cancer, biochemistry of 
redorcactive trace elements, stnuctural biology, proteomic metabolomi 
microbial pathogenesis and redex homeostasis are all current targets of 
investigation. The Center also operates mass-spectrometry and spectros: 
‘copy core research facilities. The successful applicant will be expected to 
lead an internationally recognized. federally funded research program and 
contribute to the development and leadership ofthe Center. 


‘The position will be house inthe state-of-the-art George W. Beadle Center, 
‘and carries with ita 12-month, state-funded appointment. This senor hire 
{isthe first of several new positions thatthe RC will ili various areas of 
redox biology during the next four years. To leam more about the Center 


Applicants should go to www.employment.unledu and search for posi 
tion #070421. Complete the faculty academic/administrative information 
form, Applicants should submit ler of application, curriculum vitae, a 
succinct statement of research interests, and three letters of reference sent 
{o: Dr. Vadim Gladyshev, Redox Biology Center Director, University of 
Nebraska, NII8 Beadle Center, Lincoln, NE 68588-0662, USA (email: 
redox2/@ unl.edu), Review of applications willbegin on September 4,2007 
and continue until the position is filled, 
The University of Nebraska is committed toa pluralistic campus commu 

nite through Affirmative Action and Equal Opportunity and 

is responsive to the needs of dual career couples. We assure 

‘accommodation under the Americans with Disabilities Act: 

contact Sheila Hayes at 402-472-4742 for assistance. 


universitatbonn 


‘The Max-Planck-Society is hosting a Symposium 
Neurosensation, Neuroproteomics, and Neurophotonics 
— New Vistas of the Brain - 
to be held in Bonn/Germany on November 21-22, 2007. 
This symposium is intended to help define future research directions and to identity candidates for positions at the 
Center for Advanced European Studies and Research (CAESAR) 


4 partner Institute of the Max-Planck Society in Bonn. 


Science Careers 


We invite applications from international scientists with excellent track record both on the senior and junior level. The research areas of 
interest for CAESAR include neurodegeneration and neuroproteomics, imaging and control of brain function by ight (“neurophotonics”), brain 
interfacing, neurosensory systems, and manipulation of neurons by viral gene transfer. 


‘Scientists who wish to participate in this symposium and who are interested in shaping the future research directions at CAESAR are invited 
to send their CV and a short statement of their research interests not later than September 24, 2007, to 


May-Planck-Gesellsehaft and in parallel to the following address: 
r Wissensehaften e. 


a Rheinische Friedrich Wilhelms Universitit f 
Administrative Headquarters Medizinisches Dekanat 
Ms. Dr. Dahrendort Prof. Reinhard Buettner 
HotgartenstraBe 8, 0-80539 Miinchen/Germany Sigmund-Freud-Str. 25, D-53123 Bonn/Germany 


STANFORD 


SCHOOL OF MEDICINE 


Stanford University 
School of Medici 
Chair, Department of Comparative Medicine 


The Stanford University School of Medicine is initiating a search for the position of Chair for the Department of Comparative 
Medicine, 


The Department is an academic, clinical department with active NIH-funded research programs and training awards for veterinarians 
pursuing graduate and research experiences as well asan active teaching program and an ACLAM-aceredited residency program. The 
Chair also oversees the Veterinary Service Center, the clinical, AAALAC-accredited laboratory animal care program, and has 
regulatory oversight of laboratory animals with the Institutional Animal Care and Use Committee and Institutional Official 
Candidates must have received the DVM or VMD degree from an institution accredited by the American Veterinary Medical 
Association, with preference given to candidates with board certifi ecognized specialties of veterinary medicine (Laboratory 
Animal Medicine, Internal Medicine, Veterinary Patholo cs r ry) of with appropriate experience and MS or PhD 
degrees. Candidates should have exper a a as well as a demonstrable interest in 
research as evidenced by publications es at Stanford a 

organ transplantation, imi . ear and ma 

‘cancer, anesthesia, primate behavior, and studies using induced mutations in mice, 


Stanford University is an equal opportunity employer and is committed to increasing the diversity of its faculty. It welcomes 
nominations of and appl \$ from women c ff minority groups, as well as others who would bring additional 
dimensions to the university's research, t al missions. 


Interested candidates should submit a CV and le the search committee by October 31, 2007 to: 


William T. Newsome, PhD 
Committee to Search for a Chair of the Department of Comparative Medicine 
c/o Kendra Baldwin 

300 Pasteur Drive'Grant S-005 

Stanford University School of Medicine 

Stanford, CA.94305 


‘The Argonne Named Postdoctoral Fellowship Program 


‘Tho Director's Otfice initiated these special postdoctoral fellowships at 
‘gonne, to be avaded inemationaty on an annual basso oustanding 
‘ottor| scantsts and enpinoers who are at early pnts promising 
Careers, The felowahips are ramad afer acetic and tecnica mares 
who nave been associated wit Argonne and its predecessors, and ihe 
University of Chicago, since he 19403. 


Canciates for thse tolowships must play superb ably in scaiic oF 
‘engineering research, and must show defn promise of becoming cutstancdng 
leaders in the research they pursue. Folowships are avardod tr a two-year 
tex, with pass nova lr is yea. and ary 9 sipnd of $72,000 
por annum wih an addtional alocation of up to $20,800 per annum for 
fosearch support and travel 


‘Requirements for applying for an Argonne Named Postdoctoral Felowship: 


The ocumerts must be sert va e-mall fo: Named Postdoc @ankgov 
ty Qciobor 22,2007 the subject ie please nce Pe name of he 
cana 


‘Nomination memo (<2 pages) from ANL sponsor 
+ Rlosearch proposal (= 2 pages) 

{Rye laters ot fation from other than Argonne stat 
* List of publications, abstracts and significant presentations 

* Graduate School and Undergraduate Transcripts 


‘Tho sponsor could be someone who is alroady familar wth your research 
‘work and accomplishments through previous collaborations of professional 
Soci. you have nol yet orified an ANL sponsor. vi the tailed 
‘wobsltes of fe various Rusearch Programs and Resaarch Divisions a 
aaa 

comespondence should be addressed to Argonne Named Postdoctoral 
Pikousip Progam. One application ie alton ibe consoared tral 
‘ramed tolowstips. For additonal details, val the Aone web ake at 


‘Argonne isan equal opportunty employer 
wo value dvealy rout meee. 


‘Agorme laa US. Departnat of Energy laberatry managed by UCrcage Argon, LLC 


©) ment stern aston Reseen oe 


National Synchrotron R: 
Research Center 
/Postdoctoral Positions 


(NSRRC) in Taiwan is planning to construct new 3 GeV 
synchrotron, iwan Photon Source (TPS), which is 
scheduled to complete in 2013, The new synchrotron 
project is secking qualified beamline scientists and/or 
postdoctoral res ies. Candidates are preferred 
with experience in using synchrotron radiation for (a) 
advanced nano-materials research; (b) structural 
characterization of bio-macromolecules; (c) development 
of related theories: or (d) inelastic x-ray scattering (IXS) 
experiments on electronic excitation in various condensed 
‘matter systems. Workplace will be at NSRRC or SPring-8, 
Japan. Applicants should submit an appl 
curriculum vitae, statement of research interest, reprints 
portant papers, and arrange for three 
letters of recommendation to be sent directly to the 
Research Division, National Synchrotron Radia 
Research Center, 101 Hsin-Ann Road, Hsinch 
Park, Hsinchu 30076, Taiwan, R.O.C. All 3 
should be made no Later than Septembe 


rch associ 


ion letter, 


of three most i 


COLUMBIA UNIVERSITY 


MetroHealth 


DIABETES CENTER DIRECTOR 
Case Western Reserve University 
Rammelkamp Center for 
Research and Education 
‘The MotroHealth System Campus. 
The Diabetes Center is # new initiative to 
develop a multidisciplinary program involving 
both laboratory-based and clinical research to 
study the pathogenesis and treatment of diabetes 


(and obesity), We seek a national leader in the sccks individuals wha have the abit 1 
field of diabetes, obesity or metabolic diseases as, ingegrate medical physiology with other 
the Program Director. This individual will define hase and clinical sciences candidates 


the specific research focus and recruit a team of 
5 to7 principal investigators and develop col- 
laborations with other basic and clinical inves- 
tigators at Case. Outstanding facilities, generous 
start-up funds, and ongoing operational support 
are availabe, Preference will be given to M.D, 
and or Ph.D. scientists with ademonstated abil: 
ity to ead.a major research program and a track 
record of extramural funding. Academic rank 
and salary commensurate with experience. 
Interested individuals should send Curriculurn 
Vitae and names of three references to: John. 
R. Sedor, M.D., Rammelkamp Center for 
Research and Education, 2500 MetroHealth 
Drive, RAIS, Cleveland, OH 44109-1998, 
E-mail address: peeh@ metrohealth.org, 
Phone: 216-778-4993, 
‘Case Western Reserve University and 
The MetroHealth System are 
Equal Opportunity Emplovers. 


www.aucmed.edu 


PHYSIOLOGISTS 


The American, University of the 
Caribbean School of" Medicine 
(AUQ, an accredited instivution with 
ane 3,3 grade psa seks 


toappoint 2-3 Medical Physik 
Candidates should posess a Ph.D. in 
Physiology or an M.D. with teach 
experience at an LCME. accradit 
‘medical schoo! in any arcs of medical 


dd. The une 


with teaching awards will be given 
prserone 
The penitions are toe filled a she 
Buse Schecs campus on the land of 
SeMaarten inthe Netherlands Anis, 
approsimatcly 3 hour by ak from 
Mimi. AUC poacecr an cxcepeonal 
fatly compaed of bork basic 
scientists anal clinicians. Sauder 
complete dele hase sciences training 
to the and, and then go on a 
ple chincal dekahips in the US. 
Uk or trdand. 
loners parts show send a br 
stacment Of teaching inter, thet 
(GX, and contact information for thece 
profesional ference De. Sun 
Sica, Chair of dhe Physilogy 
Scart Commer, at sdemesqultage 
auemededa 


American Univer ol he Carean 


MEDICAL CENTER 
Department of Pathology 
FACULTY POSITIONS 


The Department of Pathology and Cell 
Biology at Colutnbla University seeks highly 
qualified individuals for faculty postions in 
surgical pathology, anatomic pathology, an 
research, Appoimiments can be at the 
Assistant, Associate, Professor, or Associate 
Research Scientist level, depending on ex 
perience and qualifications, Clinical post 
tions require board certification and a 
license in NYS prior to the start 

Research positions require record of publi 
journals and a statement 
of research directions 


Applicants should submit a curriculum 
vitae and three letters of reference to: 


€. Kitzinger 

Department of Pathology 
Columbia University 
630 West 168th Street 
New York, NY 1003 


alumbia Ueieraty shes aftrwatne 
tovand equ employment opportuni 
‘Wanea and mnories are encouraged to app 


DEAN OF THE SCHOOL OF LIFE SCIENCES 
FUDAN UNIVERSITY, SHANGHAI, CHINA 
The School of Life Sciences of Fudan University, a premier institution of higher leaming in China, is inviting appli 
from qualified scholars and administrators for the position of Dean regardless of citizenship. The School of Life Sci 
Was established in 1986 as the first in China, and since then has been devoted to superlative teaching and research in 
Genetics, Developmental Biology, Microbiology. Neurobiol ‘ology and Biochemistry. 
The successtul candidate will have: demonstrated experience and success leading a major department or large laboratory, 
headed projects of national and/or international significance, a publication record in preeminent intemational journals in 
of specialization, assumed important positions in international academic 


ions 


ences 


ry and Term: The appointment will be made on a three-year fixed-term basis. The successful candidate should work full 
time (no less than 9 months per annum). Salary will be commensurate with experiences and qualifications. 

Applicants shoukl forward: curriculum vitae: letter of interest addressing vision objectives. and qualifications: 
papers published in the past three years; addresses. telephone numbers, and e-mail addresses of three to five scholars for 
reference and consultation: copies of advanced degrees; certification of present employ 

Deadline of Application: October 30, 2007 

Please di 


ect applications and / or inquiries to: 


Ms. Wen Jie/Mr. Zhu Hao 
‘Talent Recruitment Office, Fudan Universit 


For more information, please visit our website: http:Ilww 


Email:yj@fudan.ac.en 
Tel: 86-21-65642953 


Ms. Jiang Lei 


School of Life Sciences, Fudan University 


Email:lifesciences@fudan.edu.en, 
Fax: 86-21-65646979 

86-21-65642812 

86-21-6564263 


Pfudan.sh.en! 


Yale University 
fal Faculty Position 
b= in 

Ecology and 
ams Evolutionary Biology 

The Deparment of Ecology and Evolutionary 

Bogy at Yale University invites applications 

fora faculty poston at cither the tenured or 

tenure track in the field of ecology. We are 
particularly jterested in candidates whose 

Fescarch unites theory and enplrcal workin 

Ways that shed new light on tase questions 

‘A recon! of oustanding achievement and a 

promising research program are more iepor 

tant than the speci esearch aa. 


Interested candidates should submit their CV, 

three relevant reprints or manuscripts, brief 

research and teaching statements, and the 

names and addresses of four potential evalu- 

ators by 18 September 2007, The scarch will 

n open until the position is filled. Send 

Department of Ecology and 

Biology, Vale University, PO. 

Box 208106, New Haven, CT 06520-8106 
USA, Attn: Francine Horowitz 


The Department is described at 
wwwcebsvaleedu 


Yale University is an Equal Opportunity 
Affirmative Action Employer. Men and 
women of diverse racial/ethnic backgrounds 
‘and cultures are encouraged to apply 


Emory University 


Full Professor and Division Chief 
Microbiology & Immunology 
Yerkes National Primate Research Center at Emory 


ww Chief 

will have 
aan established and intemationally recognized research program in the areas of vaccine 
development or microbial pathogenesis and will be expected to play a leadership role at the 
Primate Center. The Division of Microbiology and Imm nd the associated Emory 
Vaccine Center have established n ct a HCV, and 
biodefense: all haveas their foundation science 
in the immunology and pathogenesis of microbial infections. The Chief of the Division 
of Microbiology and Immunology will have a tenure track academic appointment in an 
appropriate Department within Emory University’s School of Medicine and will also be 
a Member of the Emory Vaccine Center. The Emory Vaccine Center is a partner in a new 
State-wide Initiative launched by the Geor to develop and deploy 
next-generation vaccines and therapeutics. The selected candidate will play a major role 
in this Vaccine Initiative. Applications should be submitted by September 30, 2007 anil 
should be addressed to: 


Dr. Rafi Ahmed 
ra@microbio.emory.edu 
1510 Clifton Road 
Atlanta, GA 30322 


Please reference job requisition #1269BR on the Emory employment website 
hutp://emory.hremory.edu/carcervindex.huml 


Emory University is an EEO/AA employer 


Science Careers 


U.S. Department of Energy 
Associate Director 
Office of Science for 
Biological and Environmental Research 
‘Announcement # SES-SC-HQ-014 (kd) 


¢ U.S, Department of Energy's (DOE's) Office of Science is seeking 
candidates to lead its Biological and Environmental Research 

(BER) Program. With an annual budget of more than $500 million, the 

BER Program is the nation’s leading program devoted to applic: 

biology to bio-energy production and use and to environmental 

tion. The BER Program supports major research programs in genomics, 

proteomics, systems biology, and environmental remediation. Th 

Program is also one of the nation's leading contributors to understan 

the effects of greenhouse gas emissions, aerosols, and atmospheric 

particulates on global elimate chang. 


The Director of Biological and Environmental Research is responsible 
forall strategic program planning in the BER Program; budget formula- 
tion and execution; management of the BER office including a federal 
workforce of more than 30 technical and administrative staff; program 
integration with other Office of Science activities and with the DOE 
technology offices; and interageney integration. The position is within 
the ranks of the U.S, government's Senior Executive Service (SES); 
members ofthe SES serve in key positions just below the top Presiden- 
tial appointees. For mor n on the program please go to http: 
Jiwww.se.doe.gov/ober! 


For further information about this position and the instructions on bow 
to apply and submit an application, please go tothe following website: 
Inttp://jobsearch.usajobs.opm.gov/get|ob.asp?JobID=S8S208068., 
VSDM2007%2D06%2D06+13% 3A44%3A02K LogonO&qnSES- 
SC-HQ-014+(kd)& Fed Emp=N&sortorv&ywed&brd-3k76& 50 
‘&FedPub=Y&SUBMITL x=47&SUBMITLyI8. To be considered 
for this position you must apply online. It is important that you follow 
the instructions as stated on the announcement SES-SC-HQ-014 (kd) 
located at the website abon 


Wir 
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MIT T; 


Postdoctoral Associates 
for SMART Interdisciplinary Research Group 
in Infectious Disease 

Inanticpaton of he estaenment of Singapore-MIT Alliance in 
Research and Tech wa ocring tan (10), 
Postoctra sssocatos he next se monihs fea an yale, 
Eteg edge fescorh program in ectovs desea, ion pincpal 
frestoaicrs fom Massachyeots insite of Technology Qa f). Natenal 
Unversty ot Singapore (NUS), Nanyang Tacwnlogeal Unversity (NTU), 
Star resoaren nstvtes, and Tamasos Ue Soerces ‘m} 
‘The major gosiso the research program ao to advance base 
Understandog ot patogen not iiemacton athe calr and 
‘molecular levis and use Tas basic knomedge to Gaveop diagnosis, 
froptyscic and horapouacs tor specks riocious Saneses 
Pontdactonl Associates wil work on iteeciplinayprjecs in one of 
fhe folowng areas) cosa and moletdar mochariemse of pathogo' 
foslintraclons#) mune responses 1 missions tniuenea, Re. 
Imatara,o oerculoss, I) novel approachos fo manpuato ES ct, 


‘The ideal candidates should have a PhD. in blochomistry/molecular 
‘Bojogy, immunology, microbiology Nitology, stom cellshematopolesi, oF 
‘Biomechanics; a strong publication record: excellent communication 
‘lis in English; and an ably to work independently as well asin a 
team consisting of people with diverse acientitic backgrounds. 
Postdoctoral associates wil be supervised joint by MIT and Singapore 
‘incpal investigators. Me postdoctoral associates wil be based in 
Soapore win opporknty fo conduc esearch at MA They wil reco 
‘compensations comparatie to equivalent postions nthe U 

Please send CV and names of three references to 

Professor Jianzhu Chen at jehen@mitedu. 

[MIT isan Afiemathve ActorvEqual Opportunty Employer 


htlpiiweb.mit.edu 


MICHIGAN STATE 
UNIVERSITY 


Faculty Position in Plant Systems Biology 


AAs part of an initiative in Systems Biology, the Department of Plant 
Biology at Michigan State University secks to fill a faculty position 

zenome-enabled plant systems biology. We are secking an individual 
who will address fundamental biological questions in plants and/or in, 
related mode! systems. Applications from individuals who generate and. 

grate complex or heterogencous data from metabolomic, proteomic: 
and genomic studies or build models of metabolic or regulatory networks 
are especially encouraged. The successful candidate will be expected to 
developa vigorous independent research program supported by extramural 
funding, We are particularly interested in recruiting a colleague who will 
participate in collaborative iaterdisciplinary research. The successful 
candidate may have a joint appointment with another suitable department 
and will contribute to undergraduate and graduate teaching in their area 
of expertise 


This faculty position isa tenure track, academic year appointment at the 
Assistant Professor level. An appointment atthe Associate Professor level 
will be considered for exceptional candidates. Applicants must havea PhD 
and postdoctoral research experience is highly desirable. Applications 
should inelude acuriculum vitae,a summary ofrescarch accomplishments 
and future research objectives, a brief description of teaching philesophy 
goals and three letters of reference. Application materials should be sent 
clcetronically to PLBSYS@ msu.edu. Information about the Department 
of Plant Biology can be found at http:/www-plantbiology.msu.edu. The 
review of applications will begin September 7, 2007 and will continue 
until suitable candidates are identified. Questions regarding this position 
be sent toVair Shachar-Hill (yaiehill@msu.edu). 


MSU is cn Affirmative Action, Equal Opportunity Employer 
MSU is committed to achieving excellence through cultural diversity: 
The university actively encourages applications andior nominations of 
‘women, persons af calor veterans and persons with disabilities 


Professorship in Theoretical Physics 
(Complex Systems) (W3) 
(Succession of Pro. H, Homer (C4) 

‘The position is available starting with the winter term 2007/2008. 

Te scent acl eto topstories be 


Theoretical 
Physce wih foows on Bepryscs. 's especialy rforest in scontists 
\who davon nove anaes meshematica mashods order to buld a theoretic 
‘bridge rom Prysics to Biobogy. 

‘The new professor is expected to demonstrate a commitment to teaching in 
“Theoretical Prysce ts full pocrum and he/ehe shoud adequately partcpate 
{a the basic traning in Thooretical Physics (Mechanics, Electrodynamics, 
‘Quantum Mechanics, Statistical Physics), 


In the case of appointment the applicants have to participate in the selt- 
omenstation Othe University 


‘Agpicants are expected to have 8 PhD. in physics and an excellent research 
record. 


errata rotor cortact a reersten nan Vrton bg a oer) 
{or 3 yours at and tu porarent aa ovo Excoptors tom thas ar poosD 
‘pec fr candcates tom abroad o fom outdo the ures 


The Face ears Uniersty Hacsburg wes to Roase the proportion of ara fcuty 
7 or is reason pect wecores apications fom women Handeapped parsers 
(won te sae quaticators wl be Quen proloeros, 

Quatiied candidates ar invited to submit ther appications unti September, 
‘30 2007 with the usual documents and a research plan to Prof. M. 
Bartelmann, Dekan der Fakultat for Physik und Astronomie der 
Universitat Heidelberg, Albert-Ueberte-Str. 3-5, D-69120 Heidelberg. 


ASSISTANT PROEESSOf PROFESSOR, MOLECULAR ONCOLOGY 


OF MICROBIOLOGY 
UNIVERSITY OF NEW ENGLAND ENDOWED CHAIR — MOFFITT CANCER CENTER & 


COLLEGE OF OSTEOPATHIC MEDICINE RESEARCH INSTITUTE 
BIDDEFORD, MAINE 


‘The University of South Fonda (USF) Collegeof Medicine's Department of Intertscplinary 
Oncodogy and the H. Lee Moditt Cancer Center & Research Insitute, an NCIdesignated 
Comprehensive Cancer Center are seeing a distinguished sciewis fora Professorship 
Undrry [position in the Molecular Oncology Program In addition to the academic appointment at 
NEWAENGLAND USE, this postion aiso an Endowed Chair atthe Mofitt Cancer Center. 


Te such enn ut pene PD er MD, ee and exeentackcont cl 
independent research as demonstrated by high quality publication in peer-reviewed journals and 
esi eak lattice cate pottond conned hndiog Taecesiies me as tre aces Beers ionic expe 
nla hie Depart Wenbece. Tie Ansa Prternek: Peeve vile ren oishiauiio wll complet 
duster Fekses toca ogee tare xing euros int pops bce bunt te, oad we of gee 
beer epcieetn enang resco ‘roti, apud emoticon cnt paces pcocsend tor prams ere, 
{ithe enpess Rvsagh paced eps sang nose lc torr ees wb cova Ts potion tre 
reaetnonomewie come conga! aayempane 
loruthesviibeestai cnabp an raton 

erinsauh open feted setae) ooo Pee refoence psn ma DIOEDL ered candies shuld src ve anda 
evomuratnang Te parry wong ea Eirant ole sodenc bares incu sf a documento te aeciarOraegy 
Ingle herve meal og eto Search Commie teen foreeiyeatncy Aypacean ese bees Ang 3 
mole suerte Urry of Engen pana opal ied 

someday Hensal meernateone 

Sion thee puesreorsa et yj 
Stent gset Fortra Perse ong Basen MOFFITT®@® 


occas shi! mat copes of he curse ooo 
"ae sialoments of cooing exparerce and a USF: ‘Sane, 
shes. nscont exper cer go 85 eal Soreamene 
Vandy! bg leeredryrode! USF Heath rect divenaty and will eve indvatued considenition to qpafied appa 
Ce eg endl tad commited leigh nw gists 
4 ten om fortis penton with aprneny B cthaacal dnvcne setting. who poses vaned Language skit, oF who hive 
veel pent cue ieee soetly capsomeres Ts ale 
Scans nom BOEAAA Brg Fer ay amar eta Ray Sra 7 
ito ewer una ced oFLiax pha et OE 
thon ae agentte pase 
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‘Department of Microbiology, UNECOM, 
‘11 lls Beach Rd, Bideford ME 04005, 
‘rv eal to vaugher@une. ed. 


Equa Oppotuniy/Mtienate Aton emgoyer ore 
storgy encourages canddatesol cree backgours 


www.moffitt.org 


c Services 
National Institutes of Health iN 
Fas 


RHEUMATOLOGIST/IMMUNOLOGIST g te 
Research Institute 
The Divison of Rheumatology and the Deparment of Maliine at CHIEF OF STAFF, 


Dermot tishot Medal Genet (SHNG) a eojencinn with he 
Department of MicSielogy sod inumencogy of Dae IMMEDIATE OFFICE OF THE DIRECTOR 


(hvac steesbesh erm ites Geen UI | | re Nal tama Gone Rect Inte (NIGRD, ms 


pecclnialor al Kye, Sorel caidans wl hold oie apps reseath component of the National Institutes of Health (NIH) and the 
Fes in the Departcnt of Misebilogy and lmcsumslogy and prtpec Department of Health and Human Services (DHHS), has led the ground 
ina robust graduie program and NIF fared Center of Bomedicd Resarch Dealing cuentas basueacina\invan eens hraes.anl ciow 
Excelence fe inmutology. Opportunity to parka isthe Nocis Coron spac ease = i 
Cone Centr DSI BHIMG. seompeehoone RH cose get mprored Vigorously exploring the application of advances in genome research to 
‘one that ba een uderonc extent expansion, Prospective caidas human health. The NHGRI is inviting applications foe the cancer Fedkra 
must posese a MD andlor PRD oe equralet and be quid for appoie Doriton of Chet of Staff inthe immediate Office ofthe Director, NHGRL 
trent the ak of Asian Profs hight. The Rheumatloy Sion The incumbent will serve as a senior advisor and the Chief of Staff, 
ing at both DPIMC: and the White River funtion VA Hosp in VE managing and directing the scientific and administrative activities and 
DiiAiCis 2 396-bed vray care houpial andthe aching hogar DMS priority sting for all tasks occurring within the immediate Off 
DMS, DHMC andthe Section of Rheumatology ar ins peso of vigeous Director. The Chief of Staff will have advanced 

he aim of coming. 2 major academic fore all ac of me mainain an ative knowledge of advances in the feds of genic and 


Dartmouth ltchcock Medical Centr i sare-of the art aciity leat. pacman ea CUGORes GER paelech © ailAi nal deans 


Sc Upeer Vile Region of New Freya ox mes of Renta New 
rth cultural actemic, and werentonal active madi avaable Responsibilities will encompass substantive program and policy mat- 


y's commmnasn wth peace enc larvanl emer of aon CY ter covering the fill range of NHGRI intrest peogram ats 

id references to: and directing the efficient planning and coordination of operations and staff 

Daniel A. Albert, MD within the inmate Office of the Directo The NHGRI vacancy 

Section Chiei, Rheumatology Snnenccmt for ths peton onan compte aplication pres 

Dartmouth-Hitcheock Medical Center _and lists all mandatory information which must be submitted with your 

One Medical Center Drive, Lebanon, NH 03756 application. To obtain the vacancy announcement for this position it 

Wil be available on Mtpe/ww.usajobagov an posted under 

Snnounceonent *NHGREO7.203298-CRDE or NUGRL-O7-103298- 

Ad, PswrmoutH-HircHcock CREMP you may also Visit the NIH website at wwwjobs.nih ov. 
Win CENT Applications must be ecived no later han August 24,2007 

: Thais ful ime ermance postion ofrng beefing rath and 

www.DHMC.org life insurance, retirement, sick and annual leave. US. citizenship is 


armauch Hitchorck Moca Cena 48 aiemacve acnon/equal oppectenr cm plower required. 
al apc nse n cng foal sod ma ana DHHS and NIH are Equal Opportunity Employers 
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Does your next career step 
need direction? 


1 got the offerl've been 
With thousands of job postings, dreaming of 
it's a lot easier to trick downa 


i career that suits me 
Fora careerin science, 


‘Now what? 


Science Careers.org 


\ Where can | find more grant options? 


& 
9. 
Ge 


Jwant a career, 


You know, ScienceCareers.org st cd 


ispart of the non-profit AAAS 


That means they're putting 
There's only one place to go for career advice if you value the 
expertise of Science and the long experience of AAAS in 
supporting career advancement - ScienceCareers.org. The 


something back into science 


pages of Science and our website ScienceCareers.org offer: 


* Thousands of job postings Funding information 
= Career advice articlesandtools _* Networking opportunities 


www.scien cecareers.org 


DIRECTOR 


NATIONAL OPTICAL ASTRONOMY OBSERVATORY 


The Association of Universities for Research in Astronomy, Inc, (AURA) 
seeks a new Director of the National Optical Astronomy Observatory 
(NOAO). We are secking an individual with an outstanding sci 
‘background, with vision, and with demonstrated leadership and talent for 
administration in a complex and evolving environment. The director is 
responsible forall of NOAO including operations and development. 


The coming decade will present both outstanding opportunities and 

ant challenges for NOAO, and for its next directoe. The recent 

1 Review has underscored the crucial role of NOAO jn serv- 

ing the commun increments to upgrade NOAO facilities 

are already beginning, The new director will have the opportunity and 
responsibility to work with the community and the NOAO st 


the future ofthe National Observatory inthe years ahead. 
The Scarch Committee will begin evaluating applications on October 
ons will be aceepted until the position is filled. Appli- 
Jude scientific and management experience, relevant 
us, a resume, bibliography, alist of Unee references, and 
the individual's written view of the future role of NOAO in the U. S. 
‘and international astronomy communities. Applications will be kept 
confidential, and should be sent to: Dr. Putrick Osmer, Chair, NOAO 
Director Search Committee, c/o AURA, Suite 450, 1212 New York 
Avenue N.W,, Washington, DC 20005, 
‘Questions related to this search should be directed to De Patrick Osmer, 
osmer.t@osu.edus 
Information and updates regarding this search are available on: 
ww inauiiastronomy.org 
Women and minorities are encouraged to apps: 
1URA is an EOE/AA/P/DIV Employer 


The Unversity of San Diego ( 
for a tenure track faculty postion beg) 


Bidogy to ctfer an upper-dwision course wth laboratory 
specially, and 1 teach a course in of 
ntroductory majors sequence 


Preterenc 


be oven to candidates with expe 


candidat 
undergraduates 


Applicants should submit a curriculum vitae, a bret state 
Dhilosophy and research interests, and t 
September 15, 2007 to: 


hat, Department of Bology 
University of San Diogo, 
5996 Alcala Park 
‘San Diego, CA 92110-2492. 


Women and minosty candidates are encouraged to apply, A 
about the University can be found at 


www sandiego. 00 


AA University,sSan Diego 


ASSISTANT PROFESSOR Biology 


Biology, invites applications 
ng in September 2008. 


applicants with expertse in Ecology or Evolutionary 


nismal diversity as part of our 
tertestal invertebrate 
bidogy. USO is an independent Cathalic university whose primary aim 


i teacting excellence, Active Scholarship & integral to this aim, and the 
is expected to have an ongoing research program that 


letters of recommendation by 


~) 


in ther area of 


os) 


ent of teaching 


onal information 


‘August 31: Postdoc Survey 
September 14: Faculty Positions 


Also available online at www.sciencecareers.org/businessfeatures 
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From primates 
to proteomics 


For careers in science, 
turn to Science 


~ 


Don't get lost in the career jungle. At 
Science Careers we know science. We are 
committed to helping you find the right 
job, and to delivering the useful advice 


Features include: 


you need. Our knowledge is firmly founded # Thousands of job postings 
on the expertise of Science, the premier © Career advice 

scientific journal, and the long experience * Grant information 

of AAAS in advancing science around * Resume/CV Database 
the world, Science Careers is the natural * Career Forum 

selection. 


Science Careers 


www.ScienceCareers.org 
Fromthe journal Science — MANAAAS 


The Medical College of Georgia Vas- 
cular Biology Center is reer 
physiologist/pharmacologist 
Assistant Professor level, tenu: 
The successful candidates will have an 
‘earned Ph.D, M.D. or M.D/Ph.D. de 
They will join an active group of extramu- 
rally funded vascular biologists (currently 
about $8 million annually, see: hetp:// 
www.megedu/centers/VBC/index html) 
in recently renovated lnboratories utili 
state-of-the-art equipment. They will 
have the opportunity to participate in the 
two institutional pre-and post-doctoral 
training programs in Integrative Cardio- 
vascular Biology. Ample opportunities for 
collaborative basic and clinical research are 
available and encou -andidates 
arcexpected todevelopan active, extramu- 
rally funded research program inspects of 
to the kidney and/or 
‘endothelial function. Highly competitive 
salary and start-up package, commensurate 
with prior experience, will be provided. 


Applications should include detailed CV, 
statement of career goals and names of 
three references and be e-mailed to David 
M. Pollock, Ph.D. (dpollockia mey.edu), 


The Medical College of Georgia isan 
Equal Opportunity and Equal Access 
Instituion, Applications from women and 
under represented minorities are 


particularly encouraged. 


Blizabethtown 
COLLEGE 


ASSISTANT PROFESSOR OF ECOLOGY 
ie lg prin Bee Clee pig 2 
ern ost Aitt Pk fe epi ape 
20h Conan mat be cae ede tg ood 
tech wih gat det ree en es ene 2 AD 


ig repos may cde apy nacy Bly 
agen ot cr lor, nd nahn cies a 
endaope cyprece digo he urn lel on! 
sce taney nee hog epee Helin bcm 
ces whse seth cpr wert pcs od Gephic 
edema Spe pry exceed 


Rte os ol coy et ene by US. New 
Wad Rep, abet Bs 10 sets mar pgs 
fa he herd sees end pei stds. Med by | 
coments "Ebr Svin th leg eps ae 

ech, sy, esate etic fr sl raced ad 
ei azn ol the wr As tae eae of eae 
excelec, thor ters lean in ng rei, leks 
use raten wih ep tl ag enphnte wrens 
ends chad pcs od mss th pay vse 


Review of appicatians wil begin on Sept. 15,2007 


University of Micigan 
‘Geniaes Centr 


Biogerontology 
University of Michigan 


The University of Michigan Geriatries 
Center is seeking one oF more junior or 
scnior faculty members to carry out inklepen- 
dent research focused on the biology of aging 
tnd its impact on late life pathophysiology. 
Research that emphasizes mammalian models, 
‘or use of proteomic and genomic approaches, 
\would be of particular interest. Successful can 
didates will be housed in newly constructed 
Geriatrics Center space, and will receive 
primary tenure-track or tenured appointment 
abasic science or clinial department as appro- 
priate. Mi alfications are a PhD. MD, 
or equivalent degree, several years of highly 
productive postdoctoral research, and a clear 
meres in problems relevant to biogerontalogy 

Jbstantial start-up funding will be available 
foreach selected candidate 


Applicants should submit a CV, a brief (1-2 
page) description of research interests, a syn 
‘psi of current and previous research suppor, 
and contact information for 3 ~ 5 referees, 10 
Rich Miller, 3001 BSRB, Box 2200, 109 Zina 
Pitcher Place, Ann Arbor, MI 48109-2200 


The University of Michigan is an Equal 
Opportunity Employer committed to 
‘maintaining diversity in its hiring programs 


postings? 


wwwasciencecareers.org 
Search thousands 
of job postings 
—updated daily— 
all for free. 


Science Caree 
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DIRECTOR 
DIVISION OF APPLIED 
PHARMACOLOGY RESEARCH 


Join us atthe frontier of knowledge 


‘The Food and Drug Administration's Center 
for Drug Evaluation and Research (CDER),, 
Office of Pharmaceutical Science (OPS), Office 
‘of Testing and Research (OTR) is recruiting fora 
Director of its Division of Applied Pharmacol- 
‘ogy Research atthe FDA's Research Laboratory 
in White Oak, Maryland, 
Basic Qualifications: A doctoral level degree 
(MD., PhD., DSc. ete.) doctoral level knowl- 
‘edge of pharmacology, toxicology, biomedical 
‘engineering, clinical pharmacology or closely 
‘elated ficlds; and extensive knowledge in 
‘one oF more of the following: pharmacoloy 
siology, pharmacodynamics, bioph 
ceuties, toxicology andor pharmacokinetics, 
2 strong record of peer-reviewed original 


e ability to; direct a 
communicate and effectively interact with 
high level national and foreign government 
officials, scientific and academic communi 
tics, medical and health related organizations, 
regulated industry, and others. ts desirable 
that applicants have a practical knowledys 
‘of pharmacogenomics, proteomics, and meta 
bbanomics relevant to drug therapy’ and safety 
and knowledge of the FDA laws and regulations 
‘related to human drugs and pharmacology, 
Duties: The Dircctor is the Oflice/Ce 
principal advisor for planning and conducting 
laboratory research in pharmacology, toxicology 
fr closely related fies; and he/she maintains 
lan active research program and directs research 
scientists engaged in pharmacologic research 
designed to ensure drug safety and efficacy 
The incumbent participates fully in policy, 
planning, and oversight of pharmacology labo 
ratory research activities to insure cor 

with FDA Critical Path i 

cisions are based on current pharmacology 
toxicology science 

Salary: This position may be filled as either 
‘Senior Biomedical Research Sve (S110,3 
'$186,600) Title 42 (Salary negotiable-Tile 42 
is not capped at $186,600) or Commissioned, 
Comps Office. 


How to Apply: Submit an electronic eurricu- 
Jum vitae oF brief resume indicating that you 
are applying for the SBRS position of Dirce- 
to, Division of Applied Rescarch (D/DAPR), 
Oflice of Testing and Research (OTR), Office 
‘of Pharmaceutical Science (OPS), Center for 
Drug Evaluation (CDER), Food and Drug. 
Administration (FDA) to: FOOD AND DRUG. 
ADMINISTRATION, Center for Drug Evalu- 
ation and Research, Office of Pharmaceuti- 
‘eal Science, 10903 New Hampshire Avenue, 
ring, Maryland 20993, 
jim Keady, Projeet Manager. Formore 
information on this position contact Jim Keady 
it james. heady @fda.hhs.gov on 301-796-1580 
(phone), 301-796-9733 (fax) or Dr. John M. 
‘Strong at john.strong@fda,hhs.gov on 301- 
"796-0121 (phone), 301-796-9818 (fax) 
FDA IS AN EQUAL OPPORTUNITY 
EMPLOYER WITH 4 SMOKE FREE 
ENVIRONMENT. 
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POSITIONS OPEN 


FACULTY POSITION in PLANT 
MOLECULAR VIROLOGY 
Department of Pant Pathology 
“Tic Ohio Stare University 
A nine-month, tenure-track poston at the AS- 
SISTANT PROFESSOR ley is syalile in the 
Department of Phnt Pathology at the Ohio Sate 
Univeniny (OSU) in Wooster The poston is 90 

pereent recur and 10 percent weaclong 
“Te auccenl cndkate willbe expocted to de 
slop a strong, ewramurally fused research ogra 
In pant virology. Pomible researc areas nce viral 
function, replication, pathogsniy and transmis 
fon, or the molecular bats of wal owt reaiance 
The incumbent wil have accew to state-of-the art 
laboratory, phyrotton, and greenhouse fades, a 
i asa rucroncopy and gsnomics center. The in 
Sumbent wll iter with the USDA-Agricarural 
Rescsanh Service Corn and Soybean Reseach Grow 
aint the OSU Phot Molecule Biclogy and 
technology (PMBB) Program. The incumbent wil be 
expected to achise grate seni, tach aie wes 
ourse in plant virology and participate in advanced 
{eam taught courses plant microbe fncraction 
“X'th:B in plane pathology, siology, molecular 
ology or lor rated icine isrouired. Re 
sarc Gaperense withthe characteriation of plane 
‘russ, planevirus interactions vir genes, and/or 
‘irl protcinn ing moxie molecular txhaigcs ts 
Hay desired, For further inormation, pleas 
tact the Char of the Search Committee, De 
Madden (telephone: 330-263-3839, c-ma 
madden.L@ostdu). Review of apphatio 
begin Ostaber 12007, and continue 
Applcan is found lest subi cuekulum ac, 3 
‘scription of proposed research focus ahd 
onl, and nancy and complete adresse of 
four rekrences to: Dr, Larry Madden, Department 
‘of Plant Pathology, Ohio State University, 1680 
Maclison Avenue, Wooster, OF 44691 
To ll 4 dee whe te Oe Se U 
eames spline fo 
tte, necans, and vom OSU 
pps Apia Aan Epo 


CHAIR 
Department of Genetics and Biochemistry 
‘Clemson University 

The Department of Genetic ana Biochemistry at 
erwon University, housed within the Calege of 
Agricltre, Forest, and Lie Sons, is seeking an 
‘aperiencad and sinonay indvidual fr the postion 
Of Chair. The Deparment flee BS. MS. ant 
PhD, degrees inthe Genetics and the Biecheiiery 
Prograns The Department’ Chair responsible for 
strategic planting, acakemic admins, nd few 
{ering national and tngemation alaboratons: Can 
“inate shoud fave a PD. in genetic, brochemi 
‘or related dicptine aa demonstrate sigan expe 
rene in research teaching, mentor, ard xl 
{station of an organizational unit‘ progam. The 
Department, established in 2001, is parley 
tere inn indvcal who can pie and mentor 
young faculty through hy/her experience, efbsctve 
Kaden and von. Cuenium vitae that demon- 
sate sighiantachvemene in rescachy scholar, 
nd sence including» clr statement of amie 
tive philosophy shoul be submitted clecroclly £0 
‘Sheryl Banks (e-mail: sherylb@cemson.edu). Re- 
view of nominations and applications will begin on 
Sorgen 18 207, on min pe 2 ah 
“ante is found. The aplkant should arrange for 
three eters of recommendation to be sent to the 


tp://www.clemson.edis/genbiochem to lesen 
more about the Department and the University. Clmor 
Upienity 6 an pul Einplymene Opperty Afi 
Aton Employer snd docs et sini et sry indi 
‘the Bais of ae, sok, diy, ok, natin or, we, 
Ses ian, owt ate 


698 


DSITIC 


Assists soci ROMESIOR 
‘Kyoto University, Kyoto, Japan 
scm aa 
Kyoto University Evolution and Biodiversity, 
aide craton 
in ele cry Cl Gro 
amieeths barelon fen 
wees Cnr te ay 
foie ere ae ohare 
Eri erp yt 

ea eee 
eae 

wundergind the development, cvalubon, behavior, 
Suretentaone sui 
Pte lneen oe freee ted 
Pioereee oe oe 
eriaaneanic erent 
panei ae ainena tare 
poe tape 
i rem 

SLs SPE « m, mam 
ape inet as vist 
siete enero pate 
aserernart 
wena 

Ta Ea en 207,10 
gare a a 

Submit applications through website: hetp:// 
www. biol. i kYOtO-U.a€.jP/) 

Saree OR cna 
‘Agata, Global COE Project Leader at e-mail: 
paooneck tn 


FACULTY POSITIONS 
t of Pharmaceutical Slences 
‘South Dakota State University 
Deparment of Pharmaceutical Sdeaces i scking 
fx ember for ew tesir tak oon, Ab 
attractive startup. package is avalable, Qualified 
applians with an camed Ph.D. depres in pharm 
Rhea sciences ora lol eclted area with teaching 
tad peanch experince ls molecules modeling, tor 
iccubr biology cel signaling. pharmacogsnomics, 
pPhanmacotincics or aretitel sa wah cfc verbal 
Sal writen comarca and anterpersenal il are 
invied to apply. The succesful candidate will be 
capected to tach proeadonal pharmacy courses (fer 
BBS. and Pharm.D degree) and grathate courses (Sr 
THAD. degre) i the area of capri, a wl a develop 
and cabin an ache extramaraly forded rescarch 
Peogram, Prfcrence wil be grea 6 castes te 
fet of cancerand acunabchoviond rescerch with prior 
Teaching an rescarch expericnoe in the rcv seas 
Shia profcelanal degre pharmacy. For quesonson 
the pestion, contr Dr. Hesham Fahiny at tel 
Phone: 605-688-4243, email: hesham fahmy@ 
Sestate-edu. Review of applications wil bein Sepen- 
ber I, 2007, and contin until the postions are ile 
To vicwa il ba of qualcarions and erica euc- 
tions regarding the appliatea proces, vie webele: 
hhp://YourFurre sdbordiy search Yor the pos 
tion, aad low the coarosic application peocse. For 
‘questions on" the electronic Employment prooss, 
Sonrat South, Dakow Sate University Human 
Resources st tdephone: 605-688-4128, SDSt" 
Aponte Asin/ Ed Exployent Onponnty Employer 


POSITIONS OPEN 


ASSTANT FROPSIOR 
os 
California State University, Fullerton 

Hs ita ee 
Sere mates Bs ae Oe 
fp decleertl phcagrmnlcceplta 
sere geeerle 

se Se 


tuniveraties that offer possibilities for 
Send (1) curriculum vitae (including history of grant 
‘support}, (2) a statement of research plans, (3) re- 
ints of two to three recent, peer-reviewed pubs 
ications, (4) a statement of teaching philosophy and 
‘experience, and (5) have three letters of recomme 
{dation sent to: Marine Biology Search Committee, 
Department of Biological Science, California 
State University, Fullerton, CA 92834-6850, 
Website: hitp://biology.fullerton.edu/. Review 
‘of applicants will begin November 16, 2007, and 
continue until a suitable candidate is appointe 
Salary is competitive and commensurate with expe: 
rence and qualifications. Wy and inert candidates 
ae puiaaly emnaged 10 apply. CSUE 4 a Annie 
Aco /Esual Opportnity Tite IX/ADA. Eanplye 


FACULTY POSITIONS, EXPERIMENTAL 
PATHOLOGY. The Depart of Pahlogy atthe 
Unteraty of Caifoma, Stn Deg (UCSD), webs 
http:/ /medicine-uesd.edu/pathology/, 
‘uttanding scent for ew fay pions in 
he Yelling aca gente modelo human dic, 
imnunclg, and. eal bilogy/signal_tranaducton 
AApnante should have an ALD. MD/PhD oF 
PRD. degree, subwantia postdoctoral epercnce, 
dnd the ality to develop an extramrally faded 
research program. Prfecace wil be gen 10 in 
Sn ih cat Ni spp ice 
nates wll be eapeted to partrpate in ou 
sation mision by teaching the mil show 
finan schol nr grate vd Rank 

ewmensurate with eapeticnce. Salary will be 
‘itent with pulahed UCSD pay sale, Review 
‘applications wil begin August 43, 2007, and wi 
Sontinc unt led. Pea forward apps eters 
together with curiculum tac and aien/addeeace 
fof leo thice references to: Search Commitee 
Chair, Dr. David Cheresh, </o Ms. Catherine 
Schumacher, Search Coordinator, Department of 
Pathology’ 0717, University of California San 
Diego School of Medicine, 9500 Gilman Drive, 
La Jolla, CA'92093-0717. Applications by eral 
fr acepuble to ema edichumacher@ucsd.cd 
UCSD bam Afimatie Aton/igad Oppo En 
flyer wth s soong hake eno eee 
Mena doa 


ASSOCIATE DIRECTOR, 
Program Development and New Initiatives (PDN) 
“The University of Kansas Transportation Research 
Inseiture, website: https:/ /jobs.kucedus; search po- 
sition number 00206358, 
‘Review of applications begins September 1, 2007. 
xual Opportaty/Afimasoe Aan Employer 
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From physics to nutrition 


For careers in science, 
turn to Science 


Looking fora great 
science career? 


If you want your career to bear fruit, don't leave it to Features include: 
chance. At Science Careers we know science, We are © Thousands of fob postings 
committed to helping you find the right job, and to siGueeraaiics 

delivering the useful advice you need. Our knowledge * Grant information 

is firmly founded on the expertise of Science, the © Resume/CV Database 
premier scientific journal, and the long experience of i Career Forti 


AAAS in advancing science around the world. Science 
Careers is the natural selection. 


www.ScienceCareers.org 


Science Careers 
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POSITIONS OPEN 


MEDICAL ENTOMOLOGIST, 3 he lel of 
ASSISTANT or ASSOCIATE PROFESSIONAL 
SCIENTIST, illinois Natural History: Survey 
AUNHS), Changi, lia, Deeop and mara 
Sn independent reach program and cooperative 
research endewor invohing the balogs, Cosy, 
Sn management of arthropods and the pathogens 
they watsnt that afer the heath and Welle of 
hina, wil and domescic animal 

Reels Ph, in extomology logy /zonlogy/ 
cpldcmiology with a. speclieton in medial ent 
mology. Responsibiittes: develop and minsin. 
‘igorous, extramuially funded fescarch, program; 
maintain 2 rear of feqentpublcta in poe 
reviewed, nationally recognize! scent journal, 
fecnt fescanh at scenic conferences manage 


Faolities and supervise staff at the Medical Entomol 
‘ogy Laboratory; interact with news media, the public, 
and officals at the international, federal, state, and 


local levels; acrve on INHS- Department of Nacural 
Research committees; and participate in educational 
and outreach activities. INHS houses a functioning, 
‘wellquipped medical entomology laboratory that 
ineludes three permanent positions. One research 
scientist position available for a new hire. The 
Laboratory currently receives approximately $400,000 
per year in state support for mosquito rescarch and 
Fescarch on other arthropod pests of humans and 
animals, INHS is part of the Hingis Department of 
Natural Resources and an Afiiated Agency of the 
University of Ilinods at Urbana-Champaign, 

To apply. send cover letter, curriculum vitae, 
statement of research interests, and contact informa 

on for three references to our Human Resources 
Office, e-mail; hroffice@inhs.uiue.edu (electronic 
applications required), Position reference #1512, 
telephone: 217-244-4592, fax: 217/333-4941 
Deaaline: September 17, 2007, For application re 
ments and complete position description visit o 
‘website: htp:/ Awww:inhs.uinccedu/opportunities/ 
index.php2action fulltimetid™133. 


The University of Michigan Department of Med 
icine, Divison of Infectious Dieatssecks MLD, oF 
SUD /ThD. candies hie tenuretack potion a 
the ASSISTANT, ASSOCIATE, or FULL PRO- 
FESSOR rink to docop ant conta ney 
funded banc anor translational rescirch programs 
Inthe Beks of vial or biter pathogenic. hex 
Ugator wil Join a rowing and interactive group of 
rescarchers with coe es to both baw since and 
“linia deparmente within the Unkersy nd ont 
cintinents within graduate, departments of the 
‘Unersy of Michigan Ste aa Prefrence wil be 
item to pigskin acne who are Bean setied/ 
gible Un infectious deans, ang highly qal- 
iid Ph.D, candaates will ako be Goosen In 
terested inva should sub camculany ise, 
Simmary of research an carcer gosh for junior ap 
pliant; and contact information slog with thee 
Teer to: Powel Kavanjian, MLD. Profesor and 
Chief Division of Infectious Disses, Department 
‘of Intenal Mtine, 1800 E. Mdial Center Drive, 
S119 Taubman Center, Ann Arbor, MU 48109. 
5378 or email: franciw@umiched. Ve Unni of 


Midi can Eu! Oppoanity Employer women and ster 
mines ae esa py 
CAREER OPPORTUNITY 


This unique program offers the candidate with an 
carnal Dare nth ie siees the opprnin 
torabtan the Dostor of Optometry (0.0. peg 
32 "months. (beginning in March of cach year 
Employment opportunities exist i research, cuca 
tion endustiye and. private practice. Contact the 
‘Admissions Ofiice, telephone: 800-824-5526 at 
the New England College of Optometry, 424 
Beacon Street, Boston, MA 02115, Aditonal infor 
ination at website: http//www,neco. i, e-mail: 
{dmissionséncco.cdu 
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INSTITUT PASTEUR 


POSTDOCTORAL FELLOWSHIPS 
Institut Pasteur, Paris, France 

Founded in 1887 by Louis Pastcur and lo- 
‘ated in the heart of Paris, the Institut Pasteur 

a world-renowned private rescarch orga 
Bization. The Pasteur Foundation of New York 
is sccking oustanding Fellowship appbcants 
Candas may app to any oratory within 
10 Departments: Coll Biology and Inkecton, De- 
selopmental Biology, Genomes and Genctics, 
Tmmunology, Infecnon and Epiensology, Mi 
<robvology, Neuroscience, Parasitology and My 
‘cology, Structural Biology and Chomisty, and 
Virology, See website for details Annual pack 
age is $70,000 for thece years. Thisisabianowal 
‘all for applicants; sce website for deadlines. 
U.S. atizouhip mya 

E-mail: pasteurus@aol.com. Websit 
bhup://www.pasteurfoundation.org. 


University of Minnesota Cancer Cente secs sf 
modnated an career onented POSTDOCTORAL 
ASSOCIATES to pn highly incractne fecarch 
team working in cl ck checkpoint, apoptaie 
fegulaon, ant cance bsbogy. The Labortry mais 
{he molcelar aspects of prove cancer with partic 
tr foais on (1) regulator an faction of FONOL 
Aduring the caidas oye and under yenotoak/ 
‘blahe sre and (2) fonction iteration between 
to tamer sopecsor procs CBP ard PTEN a prov 
(ae tamecnigencals (Seo weblac: hxps/ /Arwresmscab, 
uimnedu/taculty/Huang. bund fr rent plc 

me Tie apps ose range fons mara 
‘eller, molar Badogy, echerey to eae 
pevci, A recant docoral dope and song tec 
Preund ie neiocaar and ear boty b cece 
potion inckaling cumscikum viace Wbbograpty, 
summary of pat acomnpbahments and the names 
and contact formation of three reerences should 
inc sasmitted tor Haojie Huang, Ph.D. Pax ap- 
po roquiton umber 149480 online at webs 
hittps://employment.umavedu. The Uinironsty of Min 
sets an Ea Cpe Ee and Ele 


Indiana University, Bloomington and Department 
of Paychological and Brain Sciences secks an 
outstanding faculty to lead and serve as the new 
DIRECTOR for the Imaging Research Facility 
(website: hntp:/ /www.indiana.edu/~imaging/), 
2100 percent recarch ficlty located within the De 
partment of Bychologicl and Brain Sciences, A fall 
Perition decrption s avalable at webwite: heep:// 
‘www.indiana.edu/~psych. Applications will be 
reviewad as they are received and will continue until 
the postion is filed. A Ph.D. in a relevant fcld is 
required, Indions University isa Afirmative Action Ei 
ployer -Apphton fom women and mainonty candidate are 
‘ovoagel 


ASSISTANT PROFESSOR POSITIONS 
Organic Chemistry and Biochemistry 

Ridder University’s Department of Chemistry, Bio- 
chemistry, and Phesis seeks appeants for two tenure 
track positions at the rank of Assistant Profesor to 
‘begin fall 2008, One position is in the area of or 
{ganic chemistry (position #207102), and the other 
in biochemistry (position #209108), 

For more information on these postions and for 
application instructions, please vist our website: 
Ihutp://www.rider.edu/hr, Employment Oppor 


nities. Afmastine Acton pul Opportinty Employ, 


POSITIONS OPEN 
LABORATORY MANAGER (Job Number 38464) 
Laser Ablation-Inductively Coupled Plasma Mass 

‘Spectrometry Arizona LaserChron Center 
‘The University of Arizona sccks a highly mot 
ted scientist to serve as Manager of the Arizona 
LaserChron Center, which is a multi-user ficilty 
that focuses on U-TH-Ph geochronology by laser 
ablation-mulicollector inductively coupled plasma 
‘mass spectrometry (ICPMS). Responsibilities would 
include: (1) directing installation of a new multi 
collector ICPMS and Excimer laser, (2) developing 
new analytical techniques and applications using an 
‘existing multicollctor ICPMS (GVI Isoprobe) and 
Excimer laser (DUV193), (3) performing minor 
maintenance and overseeing major repairs of these 
scruments, (4) superising visits of Fescarch sien 
ts, and (5) conducting independent research. The 
position is fulltime and permancat, Applicants 
Should have an M.S. or Ph.D, in earth science oF 
‘chemistry, and have demonstrated experience with 
ICPMS instrumentation. Applications will be reviewed 
beginning 15 August 2007,and will continue until the 
pomtian ¥ fled. Applications should be submitted at 
website: heaps://Awww:uacareertrack.com for job) 
fhumber 38464. For addtional information, please visit 
the Arona LascrChron Center website: heep:// 
‘www.geo.arizona.edy /ale and contact George 
Gehrals (email: ggchrels@e-mailarizonaedu) or 
Joaquin Ruiz (emai: jruie@emailatizona.edu), 
The Univer of Ancona i an Fas! Open, Aine 
Acton Ong 


ASSISTANT PROFESSOR in CELL BIOLOGY 
Carleton College 

The Department of Biology invites applications for 
4 tenure-track position starting fll 2008, We ses 
‘candidates who have research and teaching interests 
in‘cell biology. Teaching. responsibil ad 
‘mid-level survey course it cll biology, an upp 
‘course and/or laboratories in area ‘of candilate’ 
‘expertise, and participation in our introductory 
‘course Focused on enenty transformation in biological 
systems. 

‘Candidates should be committed to excell 
tundergraduate teaching ina liberal ars 
and dedicated to developing an active 

ram that eigages students, We are pa 
rested in applicants who will strength 
ppartmantal commitment to students from 
ented groups in the biological sciences, Candidates 
must have a Ph.D. in ology or a related fie, and 
postdoctoral experience i prem. 

‘Pease send letter of application, curriculum vita 
4 statement of teaching philosophy and research 
plans, and ehree letters of reference to: Professor 
Matthew Rand, Department of Biology, Carleton 


College, Northfield, MN 55057-4025. Applica 
tion deadline is September 15, 2007, 
‘Carlton College an Affiatve Acton / Equal Oppo 


tunity Employer, We are commited to develing ene fatty 
te bt wfc the sty of our stadent hod and mera 
sexe Women and meyers ef minty group ae stony 
enconaged 19 apy 


QUANTITATIVE/THEORETICAL ECOLOGIST 

The Deparment of Ecology and tvolution ix 
sccking to fils faculty penton with an individual 
working. at the intel of theory and data i 
cology. Rank is open, with a. preference for 
ASSISTANT of ASSOCIATE. PROFESSOR. 
Terre apie auld sbi crcl 
Siac, sect reprints and preprint, sateen 
reccarch and teaching increas, and the names and 
recs of vce rccrencs to website: itps// 
Sologysearch.ochicago.edi letters of ference 
‘Sin be submited at this ste as vel, Appeations 
Sil be ‘aczpeed nthe posion is Aled, but 
Spplicuions should be recive before 15 Seprember 
3007, so ensure fil conidcraton, The Unveny of 
Cg AB Aen pal Cty Ene 
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Flelareasymposium 


CAMBRIDGE 19th-21st September 2007 
\ Cambridge, UK 


Keynote speakers 
Linda Buck, Antonio Damasio, Tom Jessell 


Plenary speakers 
Adriano Aguzzi, Earl Miller, Josh Sanes, 
Mike Shadlen, Daniel Weinberger 


CAMBRIDGE 


it www.neuroscience.cam.ac.uk 


To register vi: 
Sessions in developmental, cellular & molecular, systems & computational, 


cognitive & behavioural and clinical & veterinary neuroscience 


OUNDATION | 2007 Call for Proposals 


SETTING SCIENCE AGENDAS FOR EUROPE 


The European Science Foundation now invites proposals for conferences to be held in 2008 and 2009. The Call is addressed to 
leading European scientists for conferences to take place in Europe. 


CALL FOR PROPOSALS - 2009 CONFERENCES 
The following scientific areas wil be covered by the Cal 
‘Biology at the interface with Other Science Disciplines (ESF- 
EMBO Symposia) ll Physics/Biophysics and Environmental 
Sciences (ESF-FWF Conferences in Partnership with LFUD 

'm Social Sciences and Humanities (ESF-LIU Conferences) 


CALL FOR PROPOSALS - 2008 CONFERENCES 
‘A second Call is also open for conferences to take place in 2008 

In the field of Mathematics. A maximum of three proposals will be 
selected within the framework of the new partnership established 
with the Ministry of Science and Higher Education Poland (MSHE) 
and the Institute of Mathematics of the Polish Academy of Sciences 


|Global Change Research (ESF-VR-FORMAS Conferences) 
‘The Proposals will be evaluated through international Peer Review 
for which Referees will be nominated by the appropriate ESF 
Scientific Committees. The final assessment and selection of topics, 
Con the basis of three written reviews, will be made jointly by 

the Partner Organisations through a Review Panel composed 

cof members of the ESF Scientific Committees and scientists 
ominated by the Partner Organisations 

'W.Closing Date for on-line Submission: 

Monday 1 October 2007 (midnight CET) 


(PAN). The proposals will be assessed by the three Partner 
Organisations, 

|B Closing Date for on-line Submission: 

‘Saturday 15 September 2007 (midnight CET) 


For further information about the Call, please visit 
www.est.org/conterences/Call2007 

‘or send an email to conferences-proposals@est.org 
European Science Foundation | ESF Research Conferences 
149 avenue Louise | Box 14 1050 Brussels | Belgium 

Tot +32 (2533 2020 | Fax: +32 (012598 8486 

www est org/conterences 


areers 
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POSITIONS OPEN 


(GENE THERAPEUTICS RESEARCH INSTTUTE 
‘CEDARS SINAI MEDICAL CENTER and 
DEPARTMENT of MOLECULAR and. 
‘MEDICAL PHARMACOLOGY 
University of California at Los Angeles 

POSTDOCTORAL POSITIONS are availible 
in the Gene Therapeutics Research Institute and the 
Department of Molecular and Medical Pharmacolo 
‘gy; University of California at Los Angeles to study 
the molecular and cellular mechanisms involved in 
brain tumor regresion; the formation and function 
‘of specific immunological synapses in vivo and the in 
‘vivo migration of immune cells nto the tumor micro 
environment, This project ako has a strong trans 
Tational component to develop and implement novel 


‘immune therapeutics in human dina tals for brain 
ceancer (See The Journal of Experimental Medicine 
208:2095-107, 2006, Cancer Ret 6! 

2005, 


7194-7208, 
Nature’ Bioecimol. 19:582-585, 2001; 2 

lead. Sci. USA 97: 7482-7, 2000, Nature Med. 
163, 1999), strong background in im: 
nology, fl logy, ilo, ar image aah 
‘Our Tnstitute is located at the Cedars Sinat Medi 
cell Center campus and offers state-oF the-art facilities 
evironmicnt for postdoctoral rscarch 

houk! have a Ph.D) and 
M.D and have under five years of postdoctoral ex 
rice, Salary is dependent on education and re 
‘search experience, with a range of $36,000 to $45,000, 
Please submit a cover letter curriculum vitae includ 
ing bibliography, and contact information for three 
Felerences to! Pedro R. Lowenstein, M.D., Ph.D. 
‘or Maria G, Castro, Ph.D., Cedars Sinai Medical 
‘Center, 8700 Beverly Boulevard, Davis Building, 
Room: R5090, Los Angeles, CA 90048, E-mail! 

Jowensteinp@cths.org or castromg@eshs.org. 


Iwo POSTDOCTORAL POSITIONS io the 
Division of Hematology atthe Chics Hospital of 
Philadelphia and the University of Pennsphania ae 
sail immediately. One postion will be devoncd 

suing glenn tm eye 
sion and imanuneregponss to transpene and/or vec 
tom in hemophilia animale and thorn mks 
thing gone therapy wrtepcs. Aplicne fo thir post 
tion should havea song background in molecular 
Biology and have experience wortng with traganic/ 
gene ged mone meal 

The second postion Will examine mechanisms 
contributing 10 ood coagulation factor spec 
snd hemial approach bot in stn 
Sndin ‘recombinant 
Hood! dotting proteins: Applicants for this positon 

Mt have strong bachgwound in. proein, bi 

‘chemistry and have sue culture and malecular bik 
ogy experience, Experience wah misine models is 
ako desirable. Candidates for both pose should 
fave a Ph.D, of SLD. degre, have goal commas 
nications skills be high moiated sel be willing to 
stork on a milciplinary team Highly compet 
‘ala and benefits ae offered. Curncuinstac and 
three references should be sent to: Dre Valder 
Arruda and Rodney ML. Camire The Chiren’s 
Hospital of Philadelphia, ARC, Room 302, 
Philadelphia, PA 19104. E-mail: arruda@e-mail, 
chop. reamire@mail.ned- penned. 


POSTDOCTORAL POSITIONS are open to 
study biochemical mechanism of ubiquityltion in 
regulating genomic integrity anu! tumongeness. Can 
didates. with strong. background in biochemistry, 
‘genomic integrity, and tumor mouse mach are en 
‘couraged to send curiculum vitae and thece references 
to: Dr. Yong Wan, Ph.D., University of Pittsburgh 
Cancer Instinte, Hillman Cancer Center, 5117 
Centre Avenue, Room 2.6C, Pittsburgh, PA 
15213, E-maik yous@pittedu, Laboratory web- 
site: htap:/ /www.cbp.pit.edu/faculty/yong. wan. 
The Uneasy of cg ss an Ave Asin, Eal 
Opponanty ston 
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POSTDOCTORAL POSITION availble im 
mediately on a West ViginiEsperimeneal Program 
to Stimulate Competctive Research-funded grant in 
the Cell Differentiation and Development Center at 
Marshall Univesity. Our Laboratory i interested in 
the epigenctic/melecur mechanies which tal 
tce tel difceatation and in cancer research. The 
Succciful candidate will be highly motivated, have 
PhD. and/or ALD, a strong background in molec: 
tar Uotogy and imcomnology, sad cotta oral 
fed writ communication shi, Apphcanes with 
“cmonstraned esperience in the latest techniques 
Snalyae chromain structure and gene regulation will 
ibe given preference. Eapevicnor With animal mots 
is highly desirable. The fandidate will be expected 

present rexarch ndings at scenic conference, 
Prepare manuscripts, asain experimental design, 
nd apply for extemal posdeciord funding (NIT, 
NSF Amaican Awociabon for Cancer Reseach, c 
<et) Salary i atonallycompetitine and wl Be cen 
monn: wth expen: Rae coud caida 
Vic da bf dckaipion of ares gral, slang wach 
Tamce an contact information othe creme a 

Philippe George, Ph.D. 

Byrd Biotechnology Center, Room 241-P 
‘One John Marshall Drive 
Huntington, WV 25758 US.A. 

Evil: peorgel@marshall.cda 

Marl Unisys an Fuel Oppraty/Afieatie 
Aaion Employee 


POSTDOCTORAL RESEARCH SCIENTIST 
Department of Neurological Surgery 
Columbia University 
Sccking applicants for Postdoctoral posit 
work in neurmascular laboratory. Success 
‘ant will have M.D. of Ph.D. and expericnce with 
‘rodent surgical modls, preferably those for strokes. 
‘Candidate wil interact with multidiscipinary inves: 
tigators in 2 collaborative rescarch environment an 
will be responsible for the stroke model and immu 
hohistochemical procedures. Must speak and write 
jent English with strong verbal and written com 
munication sill, Interested applicants should e-mail 
suriculum vitae, and list of ref 


ny takes Aime Aion to nme Lal Employ 
sent Opportunity 


MOLECULAR TUMOR BIOLOGY and 
DEVELOPMENTAL THERAPEUTICS 

A POSTDOCTORAL POSITION is available 
to study genes and proteins involves in cancer cell 
signal transduction pathways and to develop target 
ing strategies in animal models of cancer. Recer 
PRD. with background and training in. molecular 

blogy and biochemistry is desirable, Pease send 
‘curriculum vitae and names of three references t 
Usha Kasid, Ph.D., Professor, Room E208, The 
Rescarch Building, Georgetown University Med- 
ical Center, 3970 Reservoir Road N.W., Wash: 
ington, DC 20057. No c-mails pleasc. “in Lip 
Opporniney/Afirmane Aen Empdoer 


POSTDOCTORAL POSITION. HIV recom 
bination creates viral dhersty that obstructs therapy 
We are defining the mechanisms of DNA-RNA strand 
interactions and viral protcin activities that promote 
recombination within the cerpackiged HIV genomes 
Strong background in biochemistry and molecular 
biology required. Send curriculum vitae and thece 
recommendations tor Dr. Robert Bambara, 
chemistry and Biophysics, P.O. Box 712, Univer- 
sity of Rochester, Rochester, NY 14642. (Website: 
Ihetp://www.urme.rochester.edu/smd /bcbp.) 


NO EOCRAT race POTN 
tea Sek eet wa a 
aro en ea ne eae 
ire ee, Se aes 
Sec lgey Febery Teal 


POSTDOCTORAL POSITIONS at Texas A&M 
University to exploit yeast models of human bone 
marrow failure and leukemia, an to cscover drugs 
to teat same. High-quality publications in yeast 
‘ell biology and/or genetca required. These NIH 
ded positions coe wth ecllen bene and 
2 salary that is commensurate with experi 
Srp rene vist website: hp /ereaobetamu, 
le So cick on fobvcode NOW 04907 or ob conc 
NOV 02705, Tests AEM Cini an Equal Oppo 
tii Kimpayer 


BIOINFORMATICS, We are socking a POST- 
DOCTORAL FELLOW to work jointly with the 
Jacobsen and Pellegrini Laboratories in the De 
partment of Molecular, Cell, and Developmental Bi 
logy at UCLA (website: heyp://www:medb,vela, 
‘edu) in the analysis whole genome chromat 

filing data using ultra high throug 

Candidate will conduct sophisticated data analyscy 
using Matlab, Mathematica, R, C, and C++, and 
participate in database construction, Please apply 10 

ingh@uda.edu, 


Help employers find 
you. Post your 
resume/cv. 


www.ScienceCareers.org 


MARKETPLACE 


Free shipping for 20+ reactions. 

High thoughput. Direct sequene- 

ing from bacteria, phage, genomic 

DNA, PCR products, haiepin, etc. 
1-886 dobAE we ndabcon 


er oon and [Bxisesan Reporter Geoups and Cochugated 
TR a eee eae ‘Selection of Conjugates: 
"Proteins/Sepharose/Fluors/FICOLL 
BIOSEARCH —+1.800.GENOME.1 
aa monn 


www sciencecareers.org 


New Thermo Scientific Pierce SILAC (stable isotope labeling using 
amino acids in cell culture) Kits identify and quantify relative differ 
ential changes in protein samples. These kits and Thermo Scientific 
MS Instruments provide a complete and validated workflow, making 


protein quantitation easier, faster and more reproducible. 


Quantitative analysis of protein changes and proteins for 
which there are no antibodies available 

Proteomic profiling in normal and diseased cells 
Quantitative identification of 100s to 1,000s of proteins 


in one experiment Ideal for quantitative 


analysis of differential protein expression 
Leam more. Visit www.thermo.com/silac or call 800-874-3723 in ma 


to request your free copy of our SILAC technical brochure. 


alian cells. 


Pant of Thermo Fisher Scientific 
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Looking for miRNAs? . Look no further. 


IDT introduces the miRCat™ Cloning Kit for small RNA discovery 


miRCat™ small RNA cloning is based on the pre-activated, adenylated linkering method that has been 
successfully used in many labs since its development in 2001'. miRCat™ permits cloning from any RNA source 
in any species. 


Material sufficient for ten cloning experiments is provided in the miRCat™ Small RNA Cloning Kit, and a 


detailed technical manual provides instructions for cloning and sequencing small RNAs either as individual 
clones or as concatamers. 


www.idtdna.com for more miRCat™ information 
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